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The production of continuous carbon nanotube (CNT) fibers and films has 
paved the way to leverage the superior mechanical, electrical and thermal 
properties of individual CNTs for novel macroscale applications such as 
electronic cables and advanced multifunctional composites. This thesis aims to 
comprehensively investigate the mechanical, electrical and thermal properties of 
the CNT fibers and thin films fabricated by the floating catalyst method and to 
develop the advanced CNT-polymer composites for practical applications. For the 
first time, a fast, direct and accurate steady-state Joule heating infrared metrology 
technique was successfully developed to simultaneously investigate the thermal 
conduction and convective heat transfer in the CNT fibers and films. The effects 
of various synthesis conditions including the collecting time, fiber diameter, CNT 
volume fraction and post treatments on the mechanical, electrical and thermal 
properties of the CNT fibers and thin films were quantified comprehensively.  
After the mechanical condensation and acid treatment, the tensile strength, 
electrical and thermal conductivities of the CNT fibers and films reached up to 
243 MPa, 4994 S cm
-1




 with great enhancement of 101%, 254% 
and 670% respectively, compared to those of the as-prepared specimens. In 
particular, the acid-treated CNT films demonstrated both high absolute thermal 
conductivity and specific thermal conductivity which were even higher than those 
of the conventional metals such as copper and aluminum. 
viii 
 
The CNT fibers and films were further developed into the advanced 
multifunctional CNT/polyimide aerogel (PIA) composites fibers and CNT/epoxy 
composite films respectively. The novel CNT/PIA composite fibers demonstrated 
low density, high thermal resistivity and superior multi-properties, potential to be 
used for the next generation electrical wires. The CNT/epoxy composite films had 
high CNT fraction of 24.4 wt. %, and showed excellent mechanical, electrical and 
thermal properties. These CNT/epoxy composite films are promising as the novel 
structural materials or thermal interface materials. 
This thesis can have significant impact on both providing alternative 
techniques for measuring the thermal properties of the CNT fibers and films and 
understanding the mechanisms of the heat transfer in the CNT macroscale 
assemblies. The developed post treatment methods can be applied on other CNT-
based materials to achieve great multi-property enhancement. The development of 
the CNT-polymer composites can also solve the agglomeration problem of the 
CNTs in the polymer matrices, which would significantly enhance the multi-
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CHAPTER 1:  Introduction 
Carbon nanotube (CNT) is one of the most intensively explored carbon 
allotropes in materials science, because of their outstanding mechanical, 
thermal and electrical properties 
[1]
. The possibility to translate the superior 
properties of the individual CNTs into their macroscale assemblies, such as 
CNT fibers and films, has paved the way for using CNTs in a number of 
applications including electrochemical devices 
[2, 3]





. The subsequent sections introduce the structure and general 
properties of CNTs and their macroscale assemblies. 
 
1.1  Carbon nanotubes (CNTs) 
As a member of the fullerene family, CNT has cylindrical nanostructure, 
rolling from a graphene sheet which is built from sp
2
 hybridized carbon 
bonded in a hexagonal lattice 
[9]
. CNTs are generally categorized as single-
walled nanotubes (SWNTs), double-walled nanotubes (DWNTs), and multi-
walled nanotubes (MWNTs) based on the number of graphitic layers in the 
walls 
[1]
. The diameters of CNTs range from 0.4 to 3 nm for SWNTs and from 
1.4 to more than 100 nm for MWNTs 
[1]
. The lengths of CNTs range from less 
than 100 nm to several centimeters 
[1]





1.1.1  Atomic structures of CNTs 
The basic structural element of CNTs is a graphene layer which is a one 
atom-thick planar sheet of sp
2
-bonded carbon atoms with a honeycomb crystal 
lattice structure 
[10, 11]
. The hexagonal honeycomb lattice of the sheet can be 
2 
 
defined by the unit vectors ?̂?1 and ?̂?2, as shown in Figure 1.1a. The length of 
the carbon-carbon bond is 0.142 nm 
[11]
. The structure of the SWNT can be 
defined by a pair of integers (n, m) called the chiral vector 𝑪h = n?̂?1 + m?̂?2, 
where n and m are the steps along the zigzag carbon bond on the hexagonal 
lattice 
[11]
. Three different kinds of CNT topologies can be distinguished by 
the two integers (n, m), which represent the way of rolling the graphene sheet 
up into a cylinder 
[11]
. If n = m, the SWNTs are called armchair (Figure 1.1b). 





Figure 1.1 (a) Basic structural element of the CNTs. (b) An armchair (5, 5) 
SWNT. (c) A zigzag (9, 0) SWNT. (d) A chiral (10, 5) SWNT 
[11]
. 
(Reproduced with permission from Ref. 11, Copyright (1995) Elsevier.) 
 
The chirality of CNTs has a strong impact on their electronic properties 
[11]
. CNTs can be either metallic or semiconducting. Generally, when (m-n) is 
a multiple of 3, the CNT shows metallic properties; otherwise, the CNT acts as 






Figure 1.2 Possible vectors and different electronic properties of CNTs 
defined by (n, m) 
[11]
. (Reproduced with permission from Ref. 11, Copyright 
(1995) Elsevier.) 
 
1.1.2  Multi-properties of CNTs and their potential applications 
Because of their unique structure, individual CNTs demonstrate excellent 
mechanical, electrical and thermal properties 
[12-19]
. The Young’s modulus of 
the SWNTs can be 1 TPa along the CNT axis and the tensile strength can be 
50 GPa 
[12]
. For the MWNTs, the Young’s modulus can be 0.2 to 0.95 TPa [13] 
and the tensile strength can be 10 to 150 GPa 
[13, 14]
. The electrical 










 for SWNTs 
and MWNTs respectively. In room temperature, the thermal conductivities 












Many potential applications have been proposed for CNTs, including 
high-strength and conductive nanocomposites 
[20, 21]
, electrochemical devices 
[2, 
3]
, field emission devices 
[22, 23]
, and sensors 
[8]
. However, practical 
applications require the extension of the superior properties of individual 
CNTs onto a macroscopic scale, and this remains a challenge to the difficulty 
in handling the CNT nanoparticles and obtaining a homogeneous CNT 
dispersion 
[24, 25]
. To further improve their practical applications, increasing 
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interest has been attracted to explore their macroscale assemblies which 
remain the excellent axial properties of individual CNTs 
[26-28]
. The next 
section provides the general background of the CNT macroscale assemblies. 
 
1.2  CNT macroscale assemblies 
The outstanding mechanical and physical properties of individual CNTs 
have encouraged the development of the high-performance CNT macroscale 




, and fibers 
[3, 14, 16, 38-44]
. 
Significant efforts have been made to investigate the mechanical and physical 
properties of these CNT macroscale assembles. 
 
1.2.1  Aligned CNT arrays 
The aligned CNT arrays are comprehensively studied in the past two 
decades 
[27, 29, 30, 45-47]
. In these CNT arrays, the individual CNTs grow 
perpendicularly to the substrates and bundle with each other to form the forest-
like, three dimensional macroscale architecture 
[47]
. The length of the CNT 
arrays varies from micrometer to centimeter 
[27]
. 
Due to their highly aligned CNT structure, the CNT arrays show 
significant anisotropic electrical and thermal properties 
[32, 48]
. The electrical 
conductivities of the CNT arrays are 7-14 S cm
-1
 along the direction of CNT 
alignment while it is about 1 S cm
-1
 in the direction perpendicular to CNT 
alignment 
[32]
. The thermal conductivities of the CNT arrays at 300 K are in 






 along the direction of CNT alignment, 
and one order of magnitude lower in the direction perpendicular to the CNT 
alignment 
[32]
. The aligned CNT arrays have been widely applied in various 
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fields including high energy storage batteries 
[49]
, advanced nanocomposites 
[7]
, 




1.2.2  CNT films 
The CNT thin films have attracted much attention for using in various 
applications such as filtrations, sensors, and electrodes for supercapacitors or 
lithium-ion batteries 
[2, 22, 35, 37, 50-53]
. Generally, the methods of synthesizing 
the CNT films can be classified into indirect preparation 
[30, 34, 35, 46, 47, 54-56]
 and 
direct growth methods 
[26, 42, 57-60]
. The indirect preparation consists of two 
steps: fabricating the CNTs and combining them into one entire macroscopic 
film. Some indirect methods involve wet approaches like vacuum filtration 
[35, 
54]
, solution spraying 
[34]
 and spin coating 
[55]
. Other indirect approaches to 
produce CNT films are based on the fabrication of the CNT arrays, such as 
domino-pushing, shear pressing and dry-spinning from the aligned CNT arrays 
[30, 46, 47, 56]
. In contrast to the above indirect methods, the CNT films can be 
directly and continuously collected by the floating catalyst methods 
[26, 42, 57-60]
, 
which are cost-effective for the mass production of the CNT films 
[61-63]
. 
The CNT films can be ideal reinforcements for the development of the 
CNT-polymer composites because of the high CNT volume fractions (up to 
40-60 wt. % 
[5, 64, 65]
) in the composites. These CNT-based composites 
demonstrate excellent mechanical properties (tensile strength and Young’s 
modulus up to 3 and 350 GPa 
[64]
 respectively) and electrical conductivities 
(more than 200 S cm
-1 [64]
). However, the thermal conductivities of the 







lower than the expected values from the individual CNTs. This is mainly due 
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to the limited tube-tube coupling, high-interfacial thermal resistance and 
defects that scatter phonons 
[7]
. Hence, it is necessary to fabricate high-quality 
CNT films and enhance the thermal conductivities of their polymer 
composites. 
 
1.2.3  CNT fibers 
CNT fibers, produced by either wet-spinning 
[66, 67]
 or dry-spinning 
[26, 42, 
68]
 methods, are promising as light-weight, high-strength, electrically and 
thermally conductive materials. Recent reviews 
[24, 57]
 summarize the synthesis 
methods of the CNT fibers and their multi-properties. Compared with 
commercial carbon- and polymer- fibers, the CNT fibers demonstrate higher 
Young’s modulus and tensile strength, more flexibility and higher energy to 
break 
[26]
. Meanwhile, the CNT fibers have satisfactory electrical and thermal 
conductivities 
[26]
. The effects of the fabrication processes, morphology 
control and post-treatments on the mechanical and electrical properties of 
CNT fibers have been systematically studied 
[24, 57]
.  
In comparison, there are few reported experimental studies on the thermal 
properties of CNT fibers 
[24, 57]
. Several methods were applied to measure the 




, parallel thermal conductance (PTC) method 
[32]
 and Raman 
mapping 
[70]
. Among these methods, a high vacuum environment is usually 
required to eliminate convection, resulting in extremely strict experimental 
conditions and difficulties for operation. From another point of view, studies 
on convective heat transfer at micro- or nano- scales are limited, compared to 
those on bulk materials. However, understanding the mechanism of convective 
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heat transfer at micro- or nano- scale is critical for micro-electronic and micro-
electro-mechanical applications, especially for those working in the air instead 
of in vacuum conditions. Moreover, the structural-related thermal properties of 
the CNT fibers have not been systematically studied.  
Therefore, it is essential to develop an accurate, simple and direct 
technique to measure the thermal properties of the CNT fibers. Furthermore, a 
comprehensive study of thermal conduction and convection of the CNT fibers 
with good morphology-control is of great importance for understanding the 
heat transfer in the CNT fibers and developing them into practical applications. 
 
1.3  Objectives and significance of the study 
This thesis aims to synthesize the CNT fibers and thin films by the 
floating catalyst method 
[26, 71, 72]
, to investigate the effects of the morphologies 
and post treatments on their multi-properties, and to propose possible practical 
applications of these CNT fibers and thin films. The specific objectives of this 
thesis are as follows: 
(a) Developing a steady-state Joule heating infrared thermal metrology 
technique for investigating the thermal conduction and convective 
heat transfer in the CNT-based fibers and films. 
(b) Investigating the effects of the morphology, density and colleting time, 
on the multi-properties of the CNT fibers and films. 
(c) Developing efficient post treatment techniques, such as the 
mechanical densification and acid treatment, to enhance the multi-
properties of the CNT fibers and films. 
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(d) Developing and characterizing the multi-properties of the novel and 
advanced CNT-polymer composites for practical applications. 
This thesis can have significant impact on both providing alternative 
techniques for measuring the thermal properties of CNT-based fibers and films 
and understanding the mechanisms of heat transfer in the CNT macroscale 
assemblies. Furthermore, the results of the post treatments on the multi-
property enhancement of the CNT fibers and films may be helpful for the 
development of other CNT-based materials with enhanced properties. 
Additionally, the development of CNT-polymer composites can also solve the 
agglomeration problem of CNTs in the polymer matrix and enhance the CNT 
volume fraction in the composites, which would significantly enhance the 
multi-properties of CNT-polymer composites.  
In this thesis, main effort is made to develop the synthesis technique and 
thermal characterization technique for the CNT-based fibers and films 
fabricated by the floating catalyst method. It should be noted that the effects of 
the different fabrication methods, such as the solution-based and array-based 
methods for synthesizing CNT fibers and films, on the multi-properties of the 
CNT fibers and films or their polymer composites are excluded.  
  
1.4  Organization of thesis 
This thesis is organized into the following chapters: 
Chapter 1 introduces the motivations of the thesis and provides some 
background such as the structures and properties of CNTs and their 
macroscale assemblies, in particular the CNT films and fibers. 
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Chapter 2 presents a specific literature review of the CNT fibers and films 
on their fabrication methods, multi-properties and potential applications. 
Chapter 3 provides a description of the materials used in the research, 
fabrication approaches and characterizations of the developed CNT fibers, 
CNT films, CNT/polyimide aerogel (PIA) composite fibers and CNT/epoxy 
composite films in this thesis. The developed steady-state Joule heating 
infrared thermal metrology technique is presented in details. 
Chapter 4 comprehensively investigates the morphologies, electrical and 
thermal properties of the CNT fibers. The thermal conduction and convection 
in the CNT fibers are systematically studied for the first time. The measured 
thermal and electrical performance demonstrates the promise for using these 
fibers in macroscale applications requiring effective heat dissipation such as 
electrical cables and multifunctional composites 
[71]
. The developed steady-
state Joule heating infrared thermal metrology technique is versatile and can 
be applied to numerous microfiber systems. 
Chapter 5 investigates the effects of the mechanical condensation and acid 
treatment on the morphologies, mechanical, electrical and thermal properties 
of the CNT films. Multiple fracture mechanisms are identified and analyzed to 
explain the mechanical performance of these CNT films, including the load 
transfer efficiency between the CNTs, alignment and waviness of the CNTs, 
and the CNT qualities. In addition, the developed post treatment techniques 
can be applied to other CNT-based materials for the enhanced properties. 
Chapter 6 presents the fabrication of the CNT/PIA composite fibers by 
dip-coating the as-prepared CNT fibers in Chapter 4 in the polyamic acid 
oligomer. The formation mechanisms of the CNT/PIA composite fibers are 
10 
 
investigated. The morphological effects on the electrical and mechanical 
properties of the CNT/PIA composite fibers are also comprehensively 
quantified. 
Chapter 7 investigates the morphologies, mechanical, electrical and 
thermal properties of the CNT/epoxy composite films fabricated by a novel 
approach which combines the layer-by-layer and resin transfer molding (RTM) 
methods. The CNT fractions in the composite films are dramatically enhanced, 
resulting in a significant improvement in the multi-properties of the obtained 
composite films. These results provide a facile and efficient way to increase 
CNT contents in the large-scaled CNT-based composites. 
Chapter 8 summaries the significant findings of this thesis and suggests 
future research work. 
The next chapter, Chapter 2, presents a detailed literature review of the 
state-of-the-art of the CNT fibers and films on their fabrication methods, 
multi-properties and potential applications. 
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CHAPTER 2:  Literature Review 1 
2.1  Fabrication methods of carbon nanotubes (CNTs) 2 
CNTs have been synthesized by different methods including arc-3 
discharge 
[73-75]
, laser ablation 
[76, 77]





, flame method 
[87]
 and etc. Three most popular 5 
methods are briefly introduced in the subsequent sections as below. 6 
 7 
2.1.1  Arc discharge method 8 
Figure 2.1 shows the schematic setup of the arc discharge method which 9 
is produced under a high current 
[88, 89]
. In this method, high currents are 10 
applied on the opposing carbon anode and cathode in helium gas 
[90]
. Carbon 11 
atoms are evaporated by helium gas plasma when the temperature is closed to 12 
the melting point of graphite 
[90]
.  13 
 14 
Figure 2.1 Schematic experimental setup of the arc discharge method for the 15 
CNT growth 
[90]
. (Reproduced with permission from Ref. 90, Copyright (2001) 16 
Springer.) 17 
 18 
Arc discharge method is excellent to produce the high-quality multi-19 
walled nanotubes (MWNTs) and single-walled nanotubes (SWNTs) by 20 
adjusting the pressure of the inert gas, the arcing current and using metal 21 
catalyst 
[90, 91]
. In 1992, Ebbesen and Ajayan 
[73]
 for the first time grew the 22 
high-quality MWNTs, at the gram level, having lengths on the order of 10 μm 23 
12 
 
and diameters in the range of 5-30 nm. The MWNTs produced by this 1 
technique are typically with high crystallinity and bundled together by the 2 
strong van der Waals forces 
[90]
. In 1993, Bethune et al. 
[74]
 first produced 3 
abundant SWNTs by the arc discharge method using a carbon anode 4 
containing a small amount of cobalt catalyst. Later, Journet et al. 
[75]
 optimized 5 
the growth of the SWNTs using a carbon anode containing 1.0 atomic percent 6 
(at. %) of yttrium and 4.2 at. % of nickel as the catalyst. Because of the simple 7 
setup, arc discharge method is widely used to produce CNTs with perfect 8 
crystal strcuture and few defects 
[90]
. However, the CNTs produced by this 9 
method are mostly random 
[91]





2.1.2  Laser ablation method 13 
Laser ablation is a process of removing materials from a solid surface by 14 
irradiating the surface with a laser beam 
[91]
. At low laser flux, the solid 15 
material is heated by the absorbed laser energy to evaporate or sublimate 
[91]
.  16 
 17 
Figure 2.2 Schematic experimental setup of the laser ablation method for the 18 
CNT growth 
[90]
. (Reproduced with permission from Ref. 90, Copyright (2001) 19 
Springer.) 20 
 21 
In 1996, Thess et al. 
[76]
 reported the growth of high quality SWNTs using 22 
a laser ablation method, as shown in Figure 2.2. In this method, a carbon target 23 
containing 0.5 at. % of nickel and cobalt was ablated by a intense laser pulsed 24 
13 
 




. The vaporized carbon was carried by argon gas in the 1 
direction of laser point and collected on a cooler copper collector 
[76]
. As 2 
shown in Figure 2.3, the produced SWNTs were mostly in the form of ropes 3 
consisting of tens of individual SWNTs close-packed into hexagonal crystals 4 
via van der Waals interactions 
[76]
. MWNTs were also produced by the laser 5 
ablation method with a pure graphite target 
[77]
. In the laser ablasion method, 6 




Figure 2.3 TEM images of (a) a SWNT rope made up of ∼100 SWNTs as it 9 
bends through the image plane of the microscope, showing uniform diameter 10 
and triangular packing of the SWNTs within the rope and (b) a side view of a 11 
SWNT rope segment 
[76]
. (Reproduced with permission from Ref. 76, 12 
Copyright (1996) AAAS.) 13 
 14 
Compared with arc discharge method, the diameter of the CNTs produced 15 
by laser ablation method can be better controled by the reaction temperature 16 
[91]
. However, this method needs high-power lasers which make it more 17 




2.1.3  Chemical vapor deposition (CVD) method 20 
Chemical vapor deposition (CVD) is a chemical process used to produce 21 
high-purity, high-performance solid materials 
[91]
. In a typical CVD process 22 
for the CNT growth (Figure 2.4), a catalyst material (such as nanoparticles 23 
14 
 
made of iron (Fe), nickel (Ni), cobalt (Co) and their compounds) is heated to a 1 
high temperature (500-1300 ºC) and then hydrocarbon gas (such as methane, 2 
ethylene or acetylene) flows through the furnace for a period of time 
[90, 91]
. 3 
Hence, it is also known as thermal CVD or catalytic CVD method 
[91]
.  4 
 5 
Figure 2.4 Schematic experimental setup of the CVD method for the CNT 6 
growth 
[90]
. (Reproduced with permission from Ref. 90, Copyright (2001) 7 
Springer.) 8 
 9 
Compared with laser ablation and arc discharge methods, CVD method is 10 
popular and widely used because of its low setup cost, high production yield, 11 
and ease of scale-up 
[92]




, number 12 
of walls 
[96]
 or even chirality 
[97]
 of the CNTs can be precisely controled by 13 
adjusting various parameters such as temperature 
[98]
, types of carbon sources 14 
[78-85]
 and catalysts 
[99-103]
, gas flow rates 
[104]
 and pressure 
[105]
. Because of 15 
these advantages, the CVD method is chosen as the method to fabricate the 16 
CNT fibers and films in this thesis. Therefore, several key parameters, such as 17 
hydrocarbon source, temperature and catalyst nanoparticle, for growing CNTs 18 
in the CVD processes are discussed in the following sections. 19 
 20 
2.1.3.1 Effects of hydrocarbon source and temperature 21 
The most commonly used hydrocarbon sources include methane (CH4) 
[78, 22 
79]
, ethylene (C2H4) 
[80, 81]
, acetylene (C2H2) 
[82]
, benzene (C6H6) 
[83]
, xylene 23 
(C8H10) 
[85]
 and carbon monoxide (CO) 
[84]
. The growth temperatures are 24 
15 
 
different for the CNTs grown by different hydrocarbon sources 
[92]
. Herein, 1 
thermodynamics has to be considered for the decomposition of the various 2 
hydrocarbon sources 
[92, 106]
. Generally, hydrocarbon sources decompose to 3 
provide solid carbon for the growth of CNTs 
[92]
. This reaction must be 4 
thermodynamically favored under proper temperatures and pressures 
[106]
.  5 
Figure 2.5 shows the standard Gibbs free energy of formation for different 6 
carbon precursors as a function of temperature 
[106]
. Except for CH4, all the 7 
hydrocarbon precursors decompose exothermally 
[106]
. It is seen that CH4 is the 8 
most stable hydrocarbon source whose decomposition is thermodynamically 9 
favored above 600 ºC. It has been reported that the temperatures for the CNTs 10 
grown from CH4 are generally above 850 ºC 
[78, 79]
, while the temperatures are 11 
650-850 ºC for the CNTs grown from C2H4 
[80, 81]
 and 550-750 ºC for the 12 




Figure 2.5 Gibbs free energies of reaction per mole of carbon for the 15 
formation of common metal carbides and carbon feedstocks. “cr” and “g” 16 
respectively stand for crystalline and gaseous 
[106]
. (Reproduced with 17 




The growth of SWNTs and MWNTs requires different temperatures and 1 
hydrocarbon sources. Generally, the growth of MWNTs need lower 2 
temperature (600-900 ºC) than that of the growth of SWNTs (900-1200 ºC) 
[92]
, 3 
indicating the formation of SWNTs require higher energy. This may be the 4 
reason that it is easier to synthesize MWNTs from most common hydrocarbon 5 
sources, while the synthesis of SWNTs need the selected hydrocarbon such as 6 




2.1.3.2 Effects of catalyst nanoparticles  9 





 or Co 
[103]
, possibly due to the high solubility of carbon in these 11 
metals at high temperatures and the high carbon diffusion rate in these metals 12 
[92]
. The finite carbon solubility may play an important part in the growth 13 
process, because once the hydrocarbon molecules are broken, carbon atoms 14 
are believed to diffuse into the catalyst particle, through either bulk diffusion 15 
[107, 108]
 or surface diffusion 
[109-111]
, and leading to supersaturation of carbon in 16 
the metal and precipitation of carbon 
[112]
. The growth rate of CNTs during 17 
CVD processes may strongly depend on the diffusion rate of carbons 
[113]
. In 18 
addition, the catalyst activity, depending on the metal-carbon interactions, has 19 
great influence on the CNT growth. The role of a catalyst is to accelerate a 20 
thermodynamically allowed chemical process by creating a transition state of 21 
lower energy 
[114]
. When a molecule is adsorbed on a metal surface, the 22 
activation barrier for its dissociation is lowered. Ding et al. 
[115]
 reported that 23 
Fe, Co and Ni bonded stronger to the CNTs, and hence performed better for 24 
the CNT growth than palladium (Pd), copper (Cu) and gold (Au). Furthermore, 25 
17 
 
Larsson et al. 
[116]
 calculated that the adhesion energy between the metal 1 
clusters and the SWNT caps followed the order of Fe > Co > Ni. Since Fe has 2 
demonstrated an excellent catalyst for the CNT growth, it is chosen as the 3 
catalyst (decomposed from ferrocene) in this thesis. Hence, the catalyst used 4 
in most of the studies reviewed in the following paragraphs is Fe. 5 
There are several common used approaches to deposit catalyst particles 6 
either physically or chemically. Impregnation method is one of the popular 7 
methods to deposit metal catalyst on the targeted catalyst support 
[117]
. This 8 
method involves wetting the catalyst support with a solution containing the 9 
metal precursor, which is generally a salt such as a chloride or nitrate 
[117]
. 10 
After impregnation, the solvent is slowly evaporated to leave the metal 11 
precursor dispersed throughout the surface of the catalyst support. Next, the 12 
catalyst support is dried, and usually calcined and reduced in hydrogen to 13 
produce the desired metal nanoparticles 
[117]
.  14 
The impregnation method has been applied to grow CNTs on different 15 
types of support materials 
[118-120]
. Qian et al. 
[118]
 introduced the catalyst 16 
precursor onto the carbon fibers by immersing the carbon fibers in 100 mM 17 
ethanol solution of Fe(NO3)3·9H2O and synthesized the CNT/carbon fiber 18 
composites. Yamamoto et al. 
[119]
 dip-coated the Al2O3 fibers in a 2-propanol 19 
solution of Fe(NO3)3·9H2O and achieved uniform growth of the dense aligned 20 
CNTs on the fibers by systematically varying the catalyst concentration, 21 
catalyst pre-treatment time, and specimen position within the tube furnace.The 22 
impregnation method also favors the growth of CNTs inside the porous 23 
materials such as aerogels 
[120]
. Worsley et al. 
[120]
 immersed activated carbon 24 
18 
 
aerogels (ACA) in a 0.1 M acetone solution of NiCl2.6H2O to synthesized the 1 
ACA-CNT composite materials.  2 
However, heterogeneous distributions of the catalysts are usually formed 3 
using the impregnation method. Various parameters, such as concentration, pH 4 
value and impregnation time are required to be carefully controlled to achieve 5 
a homogeneous dispersion of the metal precursor on the catalyst support 
[117]
. 6 
Compared with the impregnation method, a physical vapor deposition 7 
(PVD) method, such as sputtering or electron beam (e-beam) evaporation, 8 
offers an effective alternative for the homogeneous catalysts. It involves the 9 
deposition of a thin layer (a few nanometers or less) of the desired metal on 10 
flat surfaces such as silicon wafers 
[117]
. The metal films are extremely 11 
homogeneous and the film thickness can be accurately controlled 
[117]
.  12 
The PVD methods are widely applied for synthesizing the CNTs recently, 13 
particularly the aligned CNT arrays. Ren et al. 
[31]
 sputtered the thin Ni film 14 
onto the glass substrate and grew the aligned CNT arrays with the CNT 15 
diameters from 20 to 400 nm and lengths from 0.1 to 50 µm. Fan et al. 
[80]
 16 
deposited a 5 nm Fe film on a silicon wafer by the e-beam evaporation and 17 
grew well-aligned MWNT arrays which reached 240 µm in 60 min. Hart et al. 18 
[100]
 deposited 1.2/20 nm Fe/Al2O3 by the e-beam evaporation and studied the 19 
effects of H2 pretreatment on the morphologies of the CVD-grown CNT arrays 20 
which grew rapidly to 1 mm in 15 min and 2 mm in 60 min.  21 
In the above two catalyst deposition methods, catalyst coated substrates 22 
are placed in the hot zone of the furnace to catalyze the CNT growth. 23 
Alternatively, the catalyst precursors can be fed from outside of the furnace. 24 









and etc., directly turn from solid to vapor. Pyrolysis of the catalyst vapor at a 1 
suitable temperature liberates metal nanoparticles in-situ, such a process is 2 
known as the floating catalyst method 
[92]
. 3 
The floating catalyst method involves introducing a catalyst precursor, 4 
typically a metallocene 
[92]
, into a furnace. Ferrocene is the most common-5 
used catalyst precursor in the floating catalyst method. The vaporized 6 
ferrocene decomposes in the reactor, leading to the formation of Fe particles 7 
which catalyze the growth of the CNTs. Cheng et al. 
[127]
 reported a large-8 
scale and low-cost method for the SWNT growth that employed benzene as 9 
the carbon feedstock and ferrocene as the catalyst precursor at 1100-1200 °C. 10 
Zhang et al. 
[128]
 fabricated the large-scale and highly dense CNT arrays on the 11 
quartz substrates by the catalytic decomposition of a ferrocene-xylene mixture 12 
at 850 ºC. In their work, the well-aligned CNTs could reach 1.5 mm in 30min 13 




. Singh et al. 
[129]
 synthesized high 14 
purity, aligned MWNT films by injecting a toluene solution of ferrocene. 15 
Deck et al. 
[130]
 grew well-aligned CNTs in successive layers by pumping a 16 
solution of ferrocene in benzene.  17 
Compared with impregnation and PVD methods, floating catalyst method 18 
liberates metal nanoparticles in-situ which catalyze the hydrocarbon 19 
decomposition more efficiently 
[92]
. In addition, no fixed catalyst layers on the 20 
support substrates are required which make the catalyst preparation process 21 
cost-effective. Moreover, since the catalyst particles are continuously formed 22 
in the furnace, the catalyst deactivation problem is avoided and the continuous 23 






2.1.3.3 Growth mechanisms of the CNTs in CVD processes 1 
Several possible mechanisms have been proposed based on the different 2 
experimental conditions in the past several decades 
[107-111, 131-133]
 . In general, 3 
hydrocarbon molecules are catalyzed by the transition metal and dissociated 4 
[92]
. Carbon has finite solubility in the metal particles at high temperature, thus 5 
a metal-carbon solution is formed 
[92]
. Then, carbon precipitates from saturated 6 




. The following three 7 
mechanisms are most widely recognized 
[91]
. 8 
(a) Top carbon diffusion mechanism 9 
This mechanism 
[107, 108]
 is applied when the catalyst-substrate interaction 10 
is weak, as shown in Figure 2.6a. The hydrocarbons decompose into H2 and Cn 11 
species on the top surface of the metal particles (Figure 2.6b). The carbon 12 
diffuses through the catalyst particles and precipitates at the bottom of the 13 
metal particles, thus allowing the growth of the CNTs. The metal particle is 14 
pushed up by the continuous precipitations and the CNT, as shown in Figure 15 
2.6c. The catalytic activity of the metal particle relies on the concentration 16 
gradient which allows the carbon diffusion in the metal. The growth ceases 17 
when the catalytic activity of the particle is neutralized or the carbon species 18 
stop reacting with the particle (Figure 2.6d). 19 
 20 
Figure 2.6 Top carbon diffusion through catalytic particles 
[91, 107]
. 21 
(Reproduced with permission from Ref. 91, Copyright (2012) Springer.) 22 
21 
 
(b) Bottom carbon diffusion mechanism 1 
This mechanism 
[131]
 is applied when the catalyst-substrate interaction is 2 
strong, as shown in Figure 2.7a. The initial hydrocarbon decomposition and 3 
carbon diffusion are similar to the cases in top diffusion mechanism. However, 4 
the carbon precipitation fails to push up the particles and emerges out from the 5 
top surface instead 
[92]
. Carbon firstly crystallizes out from the top of the 6 
catalyst (Figure 2.7b) and then extends up to form graphitic cylinder (Figures 7 
2.7c and d). The hydrocarbon decomposes at the lower surface of catalyst 8 
particles and carbon diffuses upward in this process, thus CNT grows up with 9 
the catalyst particle rooted at the bottom. 10 
 11 
Figure 2.7 Bottom carbon diffusion through catalytic particles 
[91, 131]
. 12 
(Reproduced with permission from Ref. 91, Copyright (2012) Springer.) 13 
 14 
(c) Surface carbon diffusion mechanism 15 
Several groups proposed that carbon diffusion take place on the surface of 16 
metal particles rather than through the bulk of the particles, and then carbon 17 
precipitates at the end of the metal particles 
[109-111]
. In 2005, Raty et al. 
[133]
 18 
reported a molecular dynamics simulation study of the early stages of the 19 
SWNT growth on the metal nanoparticles. Figure 2.8 shows that the carbon 20 
atoms diffuse only on the outer surface of the iron cluster, following three 21 
basic steps including diffusion (Figure 2.8a), interconnections to form the sp
2
 22 
cap (Figure 2.8b), then root incorporation for the wall growth (Figure 2.8c) 23 
[133]
. Later, Hofmann et al. 
[132]
 performed a systematical study on Ni, Co and 24 
22 
 
Fe catalysts and demonstrated, experimentally and theoretically, that the 1 
activation energy for the surface diffusion was significantly lower than that for 2 
the bulk diffusion.  3 
 4 
Figure 2.8 Schematic representation of the basic steps of SWNT growth on a 5 
Fe catalyst, as observed in ab initio simulations. (a) Diffusion of single C 6 
atoms (red spheres) on the surface of the catalyst. (b) Formation of a sp
2
 7 
graphene sheet floating on the catalyst surface with edge atoms covalently 8 
bonded to the metal. (c) Root incorporation of diffusing single C atoms (or 9 
dimers) 
[133]
. (Reproduced with permission from Ref. 133, Copyright (2005) 10 
American Physical Society.) 11 
 12 
2.2  CNT fibers  13 
Macroscale CNT fibers demonstrate great advances in high-tech 14 
applications due to their extraordinary multi-properties 
[24]
. In this section, the 15 
fabrication methods 
[1, 26, 42, 66, 67, 134-136]
, multi-properties 
[24]
 and potential 16 
applications 
[57]
 of CNT fibers are reviewed in details. 17 
 18 
2.2.1  Fabrication methods of CNT fibers 19 
There are three main methods to fabricate CNT fibers including (1) wet-20 
spinning method from CNT/acid or polymer solutions 
[66, 67]
; (2) array-21 
spinning method from vertically aligned CNT arrays 
[1]
; and (3) direct-22 
spinning via floating catalyst method 
[26, 42, 134-136]
.  23 
 24 
2.2.1.1 Wet-spinning method 25 
23 
 
In 2000, Vigolo et al. 
[67]
 first fabricated the CNT ribbons and fibers via 1 
the coagulation spinning approach that was widely used to synthesize polymer 2 
fibers. Figure 2.9a shows the schematic of the experimental setup used to 3 
make the CNT ribbons. In this method, SWNTs were homogeneously 4 
dispersed in a solution of sodium dodecyl sulfate (SDS), which helped to 5 
prevent the CNTs from agglomeration. The CNT dispersion was then injected 6 
into the co-flowing stream of a polymer solution that contains 5.0 wt. % of 7 
polyvinyl alcohol (PVA) to form the CNT ribbons, as shown in Figure 2.9b.  8 
 9 
Figure 2.9 (a) Schematic of the experimental setup used to make CNT ribbons. 10 
(b) A single folded CNT ribbon between horizontal and vertical crossed 11 
polarizers. (c) A freestanding CNT fiber between two glass substrates. (d) 12 
Tying knots reveals the high flexibility and resistance to torsion of the CNT 13 
microfibers. The fiber shown in the pictures has a radius of about 15 μm. (e) 14 
Scanning electron micrograph shows SWNT bundles are preferentially 15 
oriented along the main axis of the ribbon 
[67]
. (Reproduced with permission 16 




After the CNT ribbons were washed and dried, most of the surfactants and 1 
polymers were removed 
[67]
. The ribbons were collapsed into the flexible 2 
fibers due to the capillary force, as shown in Figures 2.9c and d. Figure 2.9d 3 
shows a typical SEM image of the as-obtained CNT ribbon, revealing a 4 
preferential orientation of the CNTs along the ribbon axis. The diameter of the 5 
CNT fibers varied from 10 to 100 µm based on the fabrication conditions 
[67]
. 6 
The tensile strength, Young’s modulus and electrical conductivity of the 7 
obtained fibers were 300 MPa, 40 GPa and 10 S cm
-1
, respectively. In 8 
particular, the Young’s modulus of the fibers was an order of magnitude 9 
greater than that of the high-quality bucky paper 
[83]
. 10 
Vigolo’s method is remarkable for further studies on fabricating 11 
continuous CNT fibers on a large scale, although this method has some 12 
disadvantages 
[24]
. For example, the fiber drawing was slow (∼1 cm min-1), 13 
and the as-obtained fibers were short (∼10 cm) [39]. In addition, the mechanical 14 
properties of the fibers were much lower compared with those of the 15 
individual CNTs. Moreover, although the PVA chains in the CNT fibers 16 
enhanced load transfer efficiency between the CNTs 
[67]
, the existence of the 17 
non-conductive PVA led to the lower electrical and thermal conductivities of 18 
the obtained CNT fibers than the pure CNT ribbons 
[60]
. Thus, the fibers 19 
composed solely of CNTs are desirable.  20 
In 2004, Ericson et al. 
[137]
 developed a method to fabricate well-aligned 21 
macroscopic fibers composed solely of SWNTs. In this method, the purified 22 
SWNTs were dispersed in 102% sulfuric acid, which charged the SWNTs and 23 
promoted their ordering into an aligned phase of individual mobile SWNTs 24 
surrounded by acid anions. The ordered dispersion was extruded into 25 
25 
 
continuous macroscopic neat SWNT fibers. The obtained fibers possessed a 1 
Young’s modulus of 120 ± 10 GPa and a tensile strength of 116 ± 10 MPa [137]. 2 
Because these pure CNT fibers did not contain polymers, they demonstrated 3 
much higher electrical conductivity (500 S cm
-1 [137]
) than the fibers containing 4 
polymers (10 S cm
-1 [67]
). 5 
In the wet-spinning method proposed by Behabtu et al. 
[66]
, high-quality 6 
CNTs were dissolved in chlorosulfonic acid and extruded into a coagulant 7 
(acetone or water) to remove the acid. The obtained CNT filament was further 8 
stretched and tensioned to ensure a high degree of CNT alignment in the fiber 9 
structure. The obtained fibers possessed a Young’s modulus of 120 ± 50 GPa 10 
and a tensile strength of 1.0 ± 0.2 GPa 
[66]
. The tensile strength showed a 11 
tenfold improvement over the wet-spun fibers reported by Ericson et al. 
[137]
. 12 
They also demonstrated the outstanding electrical conductivity of 29000 ± 13 
3000 S cm
-1




. However, this 14 
method is not cost-effective as the fabricating process undergoes many steps 15 
and the pre-made high quality CNTs are expensive. Additionally, the large 16 
amount of superacid used in this method also requires high cost and complex 17 




2.2.1.2 Array-spinning method 20 
Just like drawing a thread from a silk cocoon, CNT fibers can be 21 
synthesized from a vertically aligned CNT array 
[24]
. In 2002, Jiang et al. 
[138]
 22 
first spun a 30 cm long CNT fiber from a CNT array (~100 μm in height). In 23 
2004, Zhang et al. 
[68]
 modified this method by introducing twist during the 24 
spinning process. In this method, the CNT arrays (~30 μm in height) were 25 
26 
 
grown on a Fe catalyst-coated substrate by the CVD method. Afterward, the 1 
CNT fibers were drawn from the array and twisted with a variable-speed 2 
motor. Figure 2.10 clearly show the SEM images of a CNT fiber in the process 3 
of being simultaneously drawn and twisted during spinning from a CNT array 4 
outside the SEM 
[68]
. The diameters of the CNT fibers were controlled 5 
between 1 and 10 mm by adjusting the width of the CNT array sidewall 6 
ranging from less than 150 mm to 3 cm 
[68]
. The obtained fibers have the 7 
tensile strength of ~460 MPa, Young’s modulus of ~30 GPa and electrical 8 




.  9 
 10 
Figure 2.10 SEM micrographs showing the structures formed during the 11 
draw-twist process 
[68]
. (Reproduced with permission from Ref. 68, Copyright 12 
(2004) AAAS.) 13 
 14 
Since then, many efforts have been made to optimize the spinning 15 
processes and to improve the performance of the CNT fibers 
[30, 56, 139-146]
. 16 
Spinning fibers from the higher CNT arrays demonstrated great improvement 17 
in the fiber performances 
[30, 56]
. For example, Zhang et al. 
[56]
 reported the 18 
spinning of CNT fibers from the longer CNT arrays (0.65 mm), which resulted 19 
27 
 
in the tensile strength and Young’s modulus of the CNT fibers increasing up 1 
to 1.91 GPa and 330 GPa, respectively. Furthermore, Li et al. 
[30]
 spun CNT 2 
fibers from 1 mm CNT arrays whose tensile strength reached up to 3.3 GPa, 3 
much higher than that of the CNT fibers from the 0.65 mm array 
[56]
.  4 
Liquid shrinking process was also applied simultaneously in the spinning 5 
process to increase the fiber density 
[140, 142, 146]
. Liu et al. 
[142]
 developed a 6 
continuous spinning method in which an array-spun fiber was first twisted and 7 
then passed through a volatile solvent for shrinking. The obtained CNT fiber 8 
consisted of densely packed CNTs with a tensile strength up to about 1 GPa. 9 
In order to achieve the continuous process of the array-spun CNT fibers, 10 
Lepro et al. 
[147]
 spun the CNT fibers from the CNT arrays grown on both 11 
sides of the highly flexible stainless steel sheets, instead of the conventionally 12 
used silicon wafers. They reported that the catalyst layer was reusable, which 13 
decreased the need for catalyst renewal during a proposed continuous process. 14 
However, the array-spinning method is difficult to be scaled up for 15 
industrial production due to several challenges. First, the 2-step process 16 
restrains the sizes and decreases the producing efficiencies of the CNT arrays, 17 
making this method limited to the lab scale. Second, studies have found that 18 
not all CNT arrays can be spun into CNT fibers, and the spinnability of the 19 
CNT array is largely related to their morphologies 
[47, 145]
. Kuznetsov et al. 
[148]
 20 
developed a structural model for the spinning process of the CNT fibers from 21 
the CNT arrays. Huynh et al. 
[145]
 studied the roles of the catalyst, substrate, 22 
temperature, gas flow rate and reaction time, in order to develop a robust, 23 
scalable spinning process. More recently, Zhu et al. 
[149]
 pointed out that the 24 
entangled structures at the ends of the CNT bundles were critical for the 25 
28 
 
continuous drawing process. Nevertheless, the mechanism of spinning CNT 1 
arrays into CNT fibers is still not clearly understood to date.  2 
 3 
2.2.1.3 Direct-spinning via the floating catalyst method 4 
In both of the above methods, the individual CNTs are first produced in 5 
the form of CNT powders or arrays and the CNT fibers are achieved through 6 
the post-processes of spinning. Alternatively, CNT fibers can be assembled 7 
directly in the floating catalyst CVD processes in which the individual CNTs 8 
are synthesized 
[42, 44, 62, 136]
. In 2000, Zhu et al .
[62]
 first reported the direct 9 
synthesis of the long ordered SWNT fibers using the floating catalyst method 10 
in a vertical furnace, as shown in Figure 2.11a. The obtained fibers were up to 11 
20 cm long with a diameter of about 0.3 mm (Figures 2.11b to e). The tensile 12 
strength, Young’s modulus and electrical conductivity of the CNT fibers were 13 






Figure 2.11 (a) Schematic of the setup producing the CNT fibers by the 16 
floating catalyst method 
[150]
. (Reproduced with permission from Ref. 150, 17 
Copyright (2000) Elsevier.) (b) Optical image showing a human hair and two 18 
as-grown SWNT fibers (indicated by black arrows). The inset shows one 19 
straightened strand and another tied in a knot, demonstrating the high 20 
flexibility of the fiber 
[62]
. (c) Low-magnification SEM image of a long SWNT 21 
29 
 
fiber. (d) High-resolution SEM of an array of SWNT ropes peeled from the 1 
fiber. (e) HRTEM image of a top view of a SWNT rope 
[62]
. (Reproduced with 2 
permission from Ref. 62, Copyright (2002) AAAS.) 3 
 4 
In 2004, Li et al. 
[42]
 reported a method for the direct spinning of long 5 
CNT fibers from the CNT aerogels formed in the floating catalyst CVD 6 
process, as shown in Figure 2.12a. In this method, reaction precursors were 7 
mixed and introduced into a tube furnace operated at 1200 °C 
[42]
. In a 8 
reducing hydrogen atmosphere, the individual CNTs formed the aerogels in 9 
the hot zone of the furnace. The aerogels were stretched into cylindrical 10 
hollow socks and then pulled and collected continuously out of the furnace as 11 
the CNT fibers (Figure 2.12b) 
[42]
.  12 
 13 
Figure 2.12 (a) Schematic diagram of the direct spinning process for CNT 14 
fibers 
[136]
. (Reproduced with permission from Ref. 136, Copyright (2007) 15 
John Wiley and Sons.) (b) SEM micrograph of an aerogel-spun fiber 
[42]
. 16 
(Reproduced with permission from Ref. 42, Copyright (2004) AAAS.) (c) 17 
HRTEM image of a bundle close to a fiber fracture revealing that the bundles 18 
consist, predominantly, of collapsed double-wall nanotubes greater than 5 nm. 19 
Note both the “dog-bone” cross section of these tubes and the non-collapsed 20 
tubes at the edge of the bundle 
[136]
. (Reproduced with permission from Ref. 21 
136, Copyright (2007) John Wiley and Sons.) 22 
 23 
Later, Motta et al. 
[136]
 investigated the structures of the aerogel-spun 24 
fibers. Figure 2.12c reveals that the individual CNTs in the fibers were mainly 25 
30 
 
double-walled nanotubes (DWNTs) with the diameters in the range of 5-10 1 
nm which collapsed into a “dog-bone” shape [136]. Vilatela and Windle [44] 2 
applied this method to fabricate the yarn-like CNT fibers condensed from the 3 
CNT films (Figures 2.13a and b). As shown in Figure 2.13c, the CNT fibers 4 
stretched across the cutting edge of a razor blade where it had spread laterally. 5 
Furthermore, the fiber was tested in a knot test as shown in Figure 2.13d. The 6 
test showed that knot efficiencies was as high as 100%, demonstrating no 7 
degradation of strength as a result of the knot 
[44]
. These CNT fibers possessed 8 
both high strength of 8.8 GPa and high stiffness of 357 GPa, which are 9 
comparable to those of the commercial fibers 
[26, 44]
.  10 
 11 
Figure 2.13 (a) SEM image of an oriented CNT thin film. (b) SEM image of 12 
the CNT fiber condensed from the thin film in (a) by acetone vapor. (c) SEM 13 
image of a CNT fiber pressed onto the edge of a razor blade (vertical line). (d) 14 
SEM image of a CNT fiber with an overhand knot. (Inset) Note that the 15 
knotted section of the fiber is roughly 24 μm long but only 6 μm wide, 16 
showing the flattening of the fiber 
[44]
. (Reproduced with permission from Ref. 17 
44, Copyright (2010) John Wiley and Sons.) 18 
 19 
More recently, several research groups have developed and modified this 20 
method to produce high performance aligned CNT fibers. Instead of using a 21 
vertical furnace, Tran et al.
[51, 58, 134]
 produced the super-strong and highly 22 
31 
 
conductive CNT fibers and ribbons in a horizontal furnace, as shown in Figure 1 
2.14. The strength and stiffness of the fibers reached as high as 5.2 GPa and 2 





. The knot-strength efficiency of the cross-linked CNT ribbons 4 
achieved 78%, much higher than that of many commercial high-strength fibers.  5 
 6 
Figure 2.14 Schematic diagram showing the CNT fiber-spinning process 7 
using aerogel methods 
[134]
. (Reproduced with permission from Ref. 134, 8 
Copyright (2010) Elsevier.) 9 
 10 
Wang et al. 
[135]
 reported an approach to spin the CNT fibers in the open-11 
air environment. In this method, nitrogen, instead of hydrogen, was used as the 12 
carrier gas in the reactor, so that the CNT products could be introduced in the 13 
open air and further condensed by water. The avoiding uses of large amount of 14 
hydrogen and heavy alcohol spraying were favorable for overcoming the 15 
safety and environmental issues 
[135]
. 16 
Compared with the wet-spinning and array-spinning methods, the floating 17 
catalyst method leverages the ability to produce continuous CNT fibers with 18 
controllable CNT morphologies 
[151]
 and outstanding mechanical and physical 19 
properties 
[26, 44, 134, 136]
. Therefore, this method is chosen to fabricate the CNT 20 
fibers in this thesis. In the next section, the mechanical, electrical and thermal 21 
properties of the CNT fibers are reviewed. 22 
 23 
2.2.2  Multi-properties of CNT fibers 24 
2.2.2.1 Mechanical properties of CNT fibers 25 
32 
 
Many efforts have been done to study the factors contributing to the 1 
mechanical properties of the CNT fibers 
[24]
. The mechanical properties of the 2 
CNT fibers in the literature are summarized in Table 2.1. 3 











Spun with PVB, 
annealed at 400 °C 
MWNT 0.0127 ± 0.0014 3.48 ± 0.28 
[152]
 
Spun with PVA SWNT 0.15 15 
[67]
 
102% H2SO4 doped SWNT 0.116 ± 0.01 120 ± 10 
[137]
 
N2 doped -- 0.17 ± 0.07 142 ± 70 
[153]
 
Spun with HSO3Cl and 
H2SO4 
SWNT 0.05-0.32 120 
[154]
 




As-prepared MWNT 0.15-0.30 4.5 
[68]
 
As-prepared MWNT 0.55 20 
[8]
 
As-prepared MWNT 0.85 275 
[56]
 
As-prepared, twisted MWNT 1.91 300 
[56]
 
As-prepared MWNT 0.35 ± 0.07 25 ± 5 
[146]
 
As-prepared MWNT 0.6-1.1 56 
[142]
 
Direct-spinning via floating catalyst method 
As-prepared -- 0.5-1.5 50-150 
[26]
 
As-prepared DWNT 0.4-1.25 34 
[155]
 
As-prepared SWNT ~0.8 ~77 
[62]
 










by roller pressing 










At the nanoscale, the main factors contributing to the fiber mechanical 6 
property are the mechanical properties of the individual CNTs and the 7 
33 
 
structural parameters including CNT diameter 
[139]
, wall thickness 
[157]
, CNT 1 
length 
[139]
, and CNT waviness 
[157]
. Zhang et al. 
[139]
 demonstrated the positive 2 
dependence of the fiber strength on CNT length. Longer CNT provided larger 3 
contact area and enhanced the chances to migrate fiber surface and interior 4 
more frequently which resulted in higher effective load transfer between CNTs. 5 
Meanwhile, the fibers consisting of longer CNTs had fewer defects that 6 
decreased the mechanical properties. They also showed that the fiber strength 7 
increased with the decreasing fiber diameter, because a fiber with a larger 8 




 studied the effect of 9 
the diameter, thickness and waviness of the CNTs on the CNT fiber properties. 10 
The fibers spun from thinner-walled CNTs with smaller diameters showed 11 
higher tensile strength because fewer-walled CNTs be flattened or collapsed 12 
more easily, giving rise to more efficient intertube load transfer. Meanwhile, 13 
the Young’s modulus increased with the decreasing CNT waviness, because 14 
the stretch effect upon external loading made wavy CNTs straight 
[157]
. 15 
Therefore, the strain was larger for a fiber composed of the wavy CNTs 
[157]
. 16 
At the microscale, the CNT arrangement, entanglement, and intertube 17 
load transfer are the main factors 
[24]
. For example, liquid densification 
[158]
 18 
and polymer infiltration 
[43, 159]
 methods were commonly used to increase the 19 
intertube load transfer, thus improving the mechanical properties of the CNT 20 
fibers. At the macroscale, the fiber twist angle and fiber diameter contribute 21 
significantly to the mechanical properties 
[24]
. The effect of fiber twist was 22 
investigated by Fang et al. 
[160]
 The experimental results showed that the fiber 23 
strength increased initially with the increasing twist angle until a peak tensile 24 
strength of ~340 MPa was achieved at the twist angle of ∼20°. Further 25 
34 
 
increase in the twist angle decreased the fiber strength 
[160]
. Thus the effect of 1 
the fiber twist was a competition between the positive contribution and the 2 
negative contribution. 3 
2.2.2.2 Electrical properties of CNT fibers 4 



















Spun with PVB, annealed 
at 400 °C 
MWNT 154 ± 9.6 5 
[152]
 
Spun with PVA SWNT 10 -- 
[67]
 
Spun with PVA, annealed 
at 1000 °C 
SWNT 200 10 
[161]
 
102% H2SO4 doped SWNT 5000 21 
[137]
 
100% H2SO4 at 100 °C SWNT 4170 17 
[162]
 
Spun with HSO3Cl and 
H2SO4 
SWNT 8333 -- 
[154]
 
HSO3Cl doped SWNT 29000 ± 3000 380 ± 15 
[66]
 
HSO3Cl and I2 doped SWNT 50000 ± 5000 635 
[66]
 
Spun with sodium cholate, 
streched 




As-prepared MWNT 300 -- 
[68]
 
As-prepared MWNT 300 -- 
[8]
 
As-prepared MWNT 300 26 
[69]
 
As-prepared MWNT 595.2 -- 
[16]
 
As-prepared, twisted MWNT 410 -- 
[16]
 
As-prepared MWNT 400-810 20-78 
[32]
 
As-prepared MWNT 500 -- 
[146]
 
As-prepared MWNT 500-900 -- 
[142]
 
Densified and acidized 2-3 walled 659 50.5 
[164]
 







As-prepared SWNT 1400 -- 
[62]
 
As-prepared DWNT 5000 -- 
[155]
 
Oxidized DWNT 20000 -- 
[156]
 
Oxidized and I2 doped DWNT 67000 -- 
[156]
 
Annealed at 200 °C -- 2970 -- 
[165]
 
KAuBr4 doped -- 13000 -- 
[165]
 
As-prepared, densified DWNT 18000-20000 -- 
[135]
 





As summarized in Table 2.2, the electrical conductivities of the CNT 1 
fibers reported in the literature vary from <10 to >1000 S cm
-1
. The important 2 
factors affecting the electrical conductivity of the CNT fibers include the 3 
electrical properties of the CNTs, the intertube contact resistance, and the 4 
applied temperature 
[24]
. The electrical properties of the individual CNTs in the 5 
fibers play a critical role in the fiber electrical performance. The metallic CNT 6 
has better electrical properties than the semiconducting CNTs 
[167]
. The 7 
electrical conductivity of the CNT fibers consisting of only metallic chirality 8 
CNTs was significantly better than that of fibers produced from combined 9 
metallic and semiconducting CNTs 
[40]
. 10 
To date, the highest CNT fiber electrical conductivity reported is still two 11 






). The 12 
low conductivity is attributed to the large contact resistance at the conducting 13 
surface between neighboring CNTs. The contact resistance largely relates to 14 
the contacting area and intertube spacing. Therefore, the electrical 15 
conductivity can be improved by increasing the CNT length and alignment to 16 
increase the contacting area or by fabricating highly compacted CNTs to 17 
decrease the intertube spacing 
[24]
.  18 
Moreover, post treatments, such as mechanical densification, acid 19 
treatment and doping, have been reported as efficient methods to further 20 
enhance the electrical conductivities of the CNT fibers. The porosity of 21 
MWNT fibers or yarns can be varied over a wide range, resulting in a 22 
dramatic change in electrical conductivity. Miao 
[168]
 reported that the 23 
compacted CNT structure was critical for the higher electrical conductivity 24 
due to the decreased intertube space and the increased CNT contacts. By 25 
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controlling the twisting angle of the CNT fibers, the fiber electrical 1 
conductivities enhanced from 150 to 370 S cm
-1
. Tran et al. 
[59]
 investigated 2 
the effect of acid treatment on the electrical properties of the CNT fibers. Due 3 
to the more compacted structure and stronger intertube interactions achieved 4 
by acidification, the acid-treated CNT fibers exhibited enhancement in 5 
electrical conductivity by at least three times compared with the as-spun ones. 6 
The 0.5h-acidified CNT fibers reached the peak value of 8235 S cm
-1 [59]
. Qiu 7 
et al.
[164]
 reported that the densification and acidization promoted electrical 8 
conductance of CNT fibers significantly due to local Coulomb electrostatic 9 
cohesion between CNT bundles and increased interfacial electron transport 10 
channels due to surface-decorated functional groups. 11 
Randeniya et al.
[169]
 studied the electrical behaviors of both pure CNT 12 
fibers and CNT fibers doped with the metal nanoparticles. Their results 13 
showed that the electrical conductivity of the coated CNT fibers was 200000-14 
300000 S cm
-1
, about 600 times greater than that of the pure CNT fibers. 15 
Recently, Zhao et al. 
[156]
 reported the fabrication of the iodine-doped CNT 16 
fibers with the electrical conductivity up to 67000 S cm
-1
. Due to the ultra-low 17 
fiber density, the specific conductivity (defined as the ratio between the 18 
electrical conductivity and volume density of the fiber) was higher than that of 19 
copper and aluminum and just below that of sodium, the metal with the 20 
highest specific conductivity 
[156]
. More recently, CNT/Cu fiber was fabricated 21 
by electrochemical deposition of Cu on a CNT fiber from a copper sulfate e 22 
sulfuric acid bath 
[170]
. The CNT/Cu fiber was found to have specific 23 
conductivity similar to that of pure copper and a nine-fold increase compared 24 
to the pure CNT fiber.  25 
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The effects of the environment, such as humidity and temperature on the 1 
electrical performance of CNT fibers were also investigated recently. The 2 
adsorption of water vapor was reported to cause an increase in the electrical 3 
conductivity at room temperature and changes in the resistance-temperature 4 
dependence at low temperatures 
[171]
. Resistance-temperature correlations of 5 
the CNT fibers synthesized at different process conditions were studied. It was 6 
found that the resistance of the CNT fibers decreased with increasing 7 
temperature up to a crossover temperature ranging from 50 to 210 K, above 8 
which the resistance started to increase 
[172]
. The complex synthesized 9 





2.2.2.3 Thermal properties of CNT fibers 13 
As can be seen in Table 2.2, there are only few reported experimental 14 
studies 
[32, 66, 69, 137, 152, 161, 162, 164, 173]
 on the thermal properties of the CNT 15 
fibers. Aliev et al. 
[69]
 studied the thermal transport in the CNT fibers spun 16 
from the aligned MWNT arrays using laser flash and self-heating 3ω 17 





. Later, researchers measured the thermal conductivities of the MWNT 19 




 using the 20 
parallel thermal conductance technique 
[32]




 using the 21 
T-type probe technique 
[173]
.  22 
For the wet-spun CNT fibers, the measured thermal conductivities mostly 23 





[66, 137, 152, 161, 162]
.
 
But the recent 24 
experimental results of Behabtu et al. 
[66]
 showed that the CNT fibers doped 25 
38 
 
with chlorosulfonic acid during the wet-spinning process had high thermal 1 




1, measured by the 3ω technique. The large 2 
difference in the as-measured thermal conductivities between these similar 3 
fibers indicates a significant dependence on CNT quality and processing 4 
techniques. The thermal conductivity of the CNT fibers spun from the floating 5 
catalyst method has not been reported in details, but they are expected to have 6 






.  7 
Since most micro-electronic and micro-electro-mechanical devices 8 
operate in the air, understanding the mechanism of convective heat transfer at 9 
microscale is critical for accurate predictions of temperature and device 10 
performance. However, besides thermal conductivity of the CNT fibers, other 11 
thermal properties such as convective coefficient or thermal diffusivity are 12 
rarely reported 
[57]． In general, most thermal property measurements of fibers 13 
require a high vacuum environment to eliminate convection losses, which 14 
increases the experimental complexity. As a result, there are fewer studies on 15 
convective heat transfer at microscale than at the macroscale.  16 
Further, the physics of solid to gas heat transfer changes considerably 17 
with specimen size 
[175]
 and environmental factors like temperature and 18 
pressure 
[176]
. Recently, Li et al. 
[70]
 measured the thermal conductivity and 19 
convection coefficient of CNT fibers using Raman mapping technique finding 20 




, which was much larger 21 
than the typical natural convection coefficients for macroscale objects in 22 
ambient conditions. The fibers used in their work were very dense (~2130 kg 23 
m
-3
) and the variation in the density was considerable (± 800 kg m
-3
). This 24 
magnitude of density indicates that there might be large amount of residual 25 
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impurity substance (such as polymers or the “glue matrix”) inside their fibers 1 
with a non-uniform distribution. The non-conductive impurity substance and 2 
the non-uniform fiber structure may impact the accuracy and stability of the 3 




 at room temperature).  4 
Moreover, Raman mapping on the entire specimen was time consuming 5 
and requires considerable calibration for the relationship between Raman shift 6 
and temperature for each materials. In the study of Li et al. 
[70]
, only five 7 
temperature points along the fibers were recorded and analyzed for fitting the 8 
thermal conductivity and convection coefficient, which may not be sufficient 9 
to obtain an accurate temperature profile along the entire fiber. Further 10 
experimental and theoretical studies on the thermal transfer in the CNT fibers 11 
are imperative. 12 
 13 
2.2.3  Potential applications of CNT fibers 14 
This section provides a brief review for several studies of the potential 15 
applications of the CNT fibers. To date, the potential applications of the CNT 16 
fibers in multifunctional composites 
[125, 134]
, electrical cables 
[126, 130, 141, 156, 177-17 
180]
 and electrochemical devices 
[181, 182]
, have been explored. Based on their 18 
superb mechanical and physical properties, CNTs have been regarded as 19 
promising reinforcement materials for the development of lightweight, high-20 
strength, multifunctional composites 
[24]
. However, several technical barriers 21 
remain in the processing of the CNT reinforced composites 
[50]
. The major 22 
challenge is the achievement of a homogeneous dispersion of CNTs in 23 
polymeric matrix with a high volume fraction of CNTs, because CNTs tend to 24 
aggregate due to their high specific surface energy 
[183]
. Moreover, the 25 
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difficulty of controlling the CNT alignment in the composites make it hard to 1 
fully exploit the outstanding axial multi-properties of the individual CNTs 
[24]
.  2 
Alternatively, the CNT fibers consisting of aligned CNTs show highly 3 
encouraging axial properties 
[16, 26, 66]
, making them ideal candidates for 4 
reinforcing polymer matrices 
[184]
. Mora et al. 
[184]
 developed the CNT 5 
fiber/epoxy composites containing high volume fraction of CNTs (>25%). The 6 
ultimate tensile strength of the composite was about 90% of the value 7 
predicted by the simple rule of mixture 
[184]
.  8 
Another interesting potential application of the CNT fibers is using them 9 
in electrical wiring 
[57]
. Conventional electrical wires made of copper and 10 
aluminum suffer from several problems including the large weight, poor 11 
mechanical performance and corrosion in harsh environment 
[57]
. CNT fibers 12 
with low density and high electrical conductivity have attracted great interest 13 
to take place of the conventional metals for the electrical wiring. Kurzepa et al. 14 
[177]
 tested the performance of the macroscopic insulated CNT wires by 15 
substituting them for copper windings in a standard high frequency 16 
transformer. The transformer with CNT windings worked well across a wide 17 
range of frequencies 
[177]
. Many efforts have also been made to develop novel 18 
electrical cables using the CNT fibers 
[126, 130, 141, 156, 178-180]
. Zhao et al. 
[156]
 19 
fabricated the iodine-doped DWNT cables having electrical resistivity as low 20 
as 10
-7
 Ω m. As shown in Figure 2.15, the CNT cables exhibited high current-21 






 and could be joined together into arbitrary 22 
length and diameter, without degradation of their electrical properties 
[156]
. The 23 
conductivity variation as a function of temperature for the cables was five 24 
times smaller than that for copper. These results demonstrate that the CNT 25 
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cables may have a range of applications, from low dimensional interconnects 1 




Figure 2.15 (a) SEM image of two cables twisted in a parallel configuration. 4 
(b) The image of the twisted cable. (c) Schematics of the circuit (d) The cable 5 
as a segment of conductive media connected with the household power supply 6 
and loaded with a light bulb (9 watts, 0.15 A, 120 V). (e) SEM images shows 7 
that cable 1 and 2 can be knotted and joined. Inset is a higher magnification 8 
SEM image of the tie 
[156]
. (Reproduced with permission from Ref. 156, 9 
Copyright (2011) Nature Publishing Group.) 10 
 11 
2.3  CNT films 12 
CNT film, a two dimensional CNT macroscale assembly, has been widely 13 







 and electrochemical devices 
[189]
. The 15 
fabrication methods, multi-properties and potential applications of the CNT 16 
films are summarized in this section. 17 
 18 
2.3.1  Fabrication methods of CNT films 19 
There are three main methods to synthesize CNT films including (1) 20 
solution-based method; (2) CNT array-based method; and (3) floating catalyst 21 
method. 22 
 23 
2.3.1.1 Solution-based method 24 
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As shown in Table 2.3, there are various solution based methods to 1 











 and 3 
electrophoretic deposition 
[23]
.  4 
Table 2.3 Solution-based methods for fabricating the CNT films 
[198]
. 5 
(Reproduced with permission from Ref. 198, Copyright (2014) Royal Society 6 





Substrate is dipped vertically into a 




CNT dispersion is dripped onto a rotating 




A fine mist of CNT dispersion from a 




CNT dispersion is deposited onto a porous 
membrane which separates the solvent. 
[36, 195, 196]
 





Electrolysis of CNT dispersion causes their 




All these solution-based methods require the preparation of the CNT 9 
dispersion. Generally, the CNTs are first oxidized by mineral acids at elevated 10 
temperature 
[198]
 and then sonicated 
[199]
 in the solvents such as acetone 
[200]
, 11 
low molecular weight alcohol 
[181]
 or chlorinated hydrocarbon 
[140]
. The as-12 
prepared CNT dispersion is then used in the different methods listed in Table 13 
2.3 to prepare the CNT films. Figure 2.16 shows the process of fabricating 14 
CNT films by membrane filtration method, one of the most popular solution-15 
based methods. In this method, the CNT powders are dispersed in aqua 16 
solutions and filtered into the CNT films, which can be peeled off the support 17 
filter 
[201]




Figure 2.16 (a, b and c) Process of the membrane filtration for the CNT films. 2 
(d) SEM image showing the CNT film surface 
[201]
.(Reproduced with 3 
permission from Ref. 201, Copyright (2011) MDPI.) 4 
 5 
The solution-based methods are most common because they are easy to 6 
carry out in the laboratory and they are able to be scaled-up to a commercial 7 
level 
[198]
. However, it is difficult to obtain a homogenous CNT dispersion 8 
because CNT tends to agglomerate 
[183]
. In addition, the multi-steps, including 9 
the pre-made, pre-treatment, dispersion, deposition and drying of the CNTs, 10 
make the preparation processes complex. Moreover, such processes usually 11 
degrade the electrical performances of the obtained CNT films 
[198]
, because 12 





2.3.1.2 Array-based method 16 
CNT films can be fabricated by drawing from the aligned CNT arrays. 17 
Zhang et al. 
[203]
 produced the highly oriented, free-standing CNT films by a 18 
solid-state process. As shown in Figure 2.17, the drawable aligned CNT array 19 
was first prepared in the CVD process 
[68]
. Then the CNT film was fabricated 20 
by drawing the CNT bundles from the sidewall of the CNT array and collected 21 
onto a rotating mandrel 
[203]
. After the liquid densification by immersing the 22 
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films in ethanol 
[203]
, the CNT free-standing films consisting of the well-1 
aligned CNTs 
[69]
 have a thickness of 50 nm and a density of 0.5 g cm
-3 [203]
, as 2 
shown in Figure 2.17d.  3 
 4 
Figure 2.17 (a) Fabrication of CNT films drawing from a CNT array 
[188]
. 5 
(Reproduced with permission from Ref. 188, Copyright (2009) AAAS.) (b and 6 
c) SEM images of the process of drawing the CNT films from the CNT array 7 
[203]
. (Reproduced with permission from Ref. 203, Copyright (2005) AAAS.) 8 
(d) SEM image of a free-standing CNT film 
[69]
. (Reproduced with permission 9 
from Ref. 69, Copyright (2007) Elsevier.)  10 
 11 
Besides the array-drawing method, the CNT films can be accomplished 12 
by shear pressing the CNT arrays 
[204]
. In this method, the CNTs uniformly 13 
sheared by the pressing process from their vertical orientation to a horizontal 14 
orientation, as shown in Figure 2.18. During the pressing, the CNT structure 15 
was consolidated by removing the empty space within the array, while 16 
preserving the alignment of the CNTs (Figure 2.18d) 
[204]
. The aligned CNT 17 
films could be easily removed from the growth substrate (Figure 2.18e) after 18 




Figure 2.18 (a) A schematic of the morphology of the array before and after 2 
shear pressing, (b) the shear pressing device, (c) close up of the parallel plates 3 
right before the array is shear pressed, (d) SEM image of the end of the 4 
preform showing the alignment of CNTs and (e) the aligned CNT preform is 5 
easily removed from the substrate by hand 
[204]
. (Reproduced with permission 6 
from Ref. 204, Copyright (2010) Elsevier.)  7 
 8 
The CNT films prepared by the array-based methods preserve the good 9 
alignment from the arrays, providing promising opportunities for various 10 
applications such as electrical and electrochemical devices 
[188, 203]
 and aligned 11 
CNT composites 
[5, 204]
. However, fabrication of the drawable CNT arrays is 12 
determined by a series of precisely controlled parameters, such as a narrow 13 
size distribution of catalyst particles, high nucleation density, and clean CNT 14 
surfaces 
[27, 47, 145]
. Despite the advances in the recent exploration of the 15 
drawable CNT arrays, the mechanism governing the drawing process is not yet 16 
fully revealed 
[24]
. In addition, the size of the CNT array is limited by the sizes 17 
of the substrate and furnace for the CVD processes, making the array-based 18 




2.3.1.3 Floating catalyst method 1 
Another solid-state process for fabricating the CNT films is the floating 2 
catalyst method 
[42, 205, 206]
. In this method, as shown in Figure 2.19, the carbon 3 
sources and catalyst precursors are introduced into the furnace which is 4 
operated at high temperature (1100-1300 °C 
[42, 205, 206]
). The CNT films are 5 
collected continuously onto the rollers at the end of the furnace. The obtained 6 
CNT rolls can be then cut into the free-standing CNT films which consist of 7 




Figure 2.19 (a) Synthesis of CNT films by the floating catalyst method in a 10 
vertical setup. (b) SEM image of the CNT film 
[205]
. (Reproduced with 11 
permission from Ref. 205, Copyright (2013) Elsevier.) (c) Schematic 12 
fabrication process of randomly aligned CNT sheet by the floating catalyst 13 
method in a horizontal setup. (d) CNT sheet winding on the Teflon substrate. 14 
(e) The as-prepared CNT sheet 
[206]
. (Reproduced with permission from Ref. 15 
206, Copyright (2014) Royal Society of Chemistry.)  16 
 17 
As a solid-state process, the floating catalyst method does not employ any 18 
surfactants in the solution-based method, which degrade the electrical 19 
properties of the CNTs 
[198]
. Compared to the array-based method, the process 20 
of the floating catalyst method is compacted to a single step, enabling the 21 
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continuously fabrication of the large-scale aligned CNT films with a high 1 
producing rate 
[198]
. In this thesis, the floating catalyst method is thus chosen to 2 
fabricate the aligned CNT films. 3 
 4 
2.3.2  Multi-properties and potential applications of CNT films 5 
The multi-properties of the CNT films fabricated by various methods 6 
have been studied based on their proposed applications 
[203, 207, 208]
. Zhang et al. 7 
[203]
 reported that the array-drawn CNT films had density normalized strength 8 








 strength of the Mylar 9 
and Kapton films used for ultralight air vehicles and space applications 
[207]
 10 











. Zhang et al. 
[208]
 synthesized the highly dense 12 
array-drawn CNT films with the density of 1.39 g cm
-3
. The Young’s modulus 13 
of the films reached a magnitude over 2 GPa, greatly improved compared with 14 
the previous reported results 
[33, 209]
. Liu et al. 
[206]
 synthesized highly aligned 15 
CNT films by the floating catalyst method. After the combined stretching and 16 
pressing treatments, the tensile strength for the CNT films reached 598 MPa, 17 
with a 221% improvement compared to the as-prepared ones.  18 
The electrical and thermal properties of the CNT films are as well studied 19 
by many researchers 
[69, 203, 208]
. Zhang et al. 
[203]
 studied the temperature 20 
dependent electrical resistance of the array-drawn CNT films. Their results 21 
showed that those CNT films had a much lower temperature dependence of 22 
electrical conductivity than that of the SWNT sheet made by the membrane 23 
filtration process 
[203]
. Aliev et al. 
[69]
 reported the thermal conductivity of the 24 




. Zhang et al. 
[208]
 fabricated the 25 
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CNT films with high electrical and thermal conductivities of 640 S cm
-1
 and 1 




 respectively. The measured values of thermal 2 








The excellent multi-properties of the CNT films have encouraged the 5 
development of various applications 
[186, 188, 205]
. First, the CNT films are 6 
applied as reinforcements in the multifunctional composites. Wang et al. 
[186]
 7 
fabricated the advanced multifunctional CNT/bismaleimide (BMI) composites 8 
combining the high strength of 3.8 GPa, high Young’s modulus of 293 GPa, 9 
superior electrical conductivity of 1230 S cm
-1





. Secondly, the highly conductive properties of the CNT films make 11 
them ideal candidates for the electrical and electronic applications such as 12 
actuators and heaters. Aliev et al. 
[188]
 developed CNT films artificial muscles 13 
that provided giant elongations and elongation rates of 220% and (3.7 × 10
4
)% 14 
per second, respectively, at operating temperatures from 80 to 1900 K. The 15 
Poisson’s ratios reached 15, which was a factor of 30 higher than for 16 
conventional rubbers 
[188]
. Janas and Koziol 
[205]
 developed the CNT films as 17 
novel heating elements. The CNT heater, having a much smaller size, arrived 18 
at targeted point faster than the commercial immersion heater. Due to the light 19 
weight, small size and fast heating rate, those CNT films were envisioned to 20 
become the next generation heating materials 
[205]
. 21 
The next chapter presents the experimental section of this thesis, 22 
including the fabrication approaches and characterizations of the CNT fibers 23 
& films and their polymer composites developed in this thesis. 24 
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CHAPTER 3:  Experimental Section 
This chapter provides a description of the materials used in the research, 
fabrication approaches and characterizations of the carbon nanotube (CNT) 
fibers, CNT films, CNT/polyimide aerogel (PIA) composite fibers and 
CNT/epoxy composite films developed in this thesis. 
 
3.1  Materials 
Methane (CH4), helium (He) and hydrogen (H2) were purchased from 
Chem-Gas Pte. Ltd. Ferrocene (CAS No. 102-54-5, 98%), thiophene (CAS No. 
110-02-1, ≥ 99%), nitric acid (HNO3, CAS No. 7697-37-2, 65%), 1-methyl-2-
pyrrolidone (NMP, CAS No. 872-50-4, 99.5%), ethanol (CAS No. 64-17-5, 
≥95%), 4, 4’-oxydianiline (ODA, CAS No. 101-80-4, 97%), 3, 3’, 4, 4’-
biphenyltetracarboxylic dianhydride (BPDA, CAS No. 2420-87-3, 97%), 
acetic anhydride (CAS No. 108-24-7, ≥98.0%) and pyridine (CAS No. 110-
86-1, 99.8%) were purchased from Sigma-Aldrich Pte. Ltd. Epicote 1004 
epoxy resin and Epicote 1004 hardener were purchased from Polymer 
Technologies Pte. Ltd. Octa(aminophenyl)silsesquioxane (OAPS, product 
code: SIO6600.0) was purchased from Gulf Chemical (Singapore) Pte. Ltd. 
All the chemicals were used in the condition they were received. 
 
3.2  Experimental techniques 
3.2.1  Fabrication of CNT films 





shown in Figure 3.1, CH4 with the flow rate of 160 ml min
-1
, ferrocene with 
the flow rate of 250 ml min
-1





were used as the carbon source, catalyst, and reaction promoter respectively. 
The CNTs formed an aerogel in the hot zone of the furnace heated up to 1200 
ºC and the aerogel was stretched into cylindrical hollow socks. The CNT sock 
was then pulled out of the furnace by a stainless rod and continuously 
collected on a paper roller to form a CNT film with a speed of ~2 km h
-1
. The 
collection area on the paper roller was controlled to be a width of 
approximately 2 cm, giving the CNT film with a size of 25 cm in length and 2 
cm in width. The “collecting time” is defined as the period of time to collect 
the CNT aerogel on the paper roller to form the CNT film. In order to 
investigate the impacts of the collecting time on their multi-properties, the 
CNT films with collecting time of 5, 10, 17.5 and 30 min were obtained.  
 
Figure 3.1 Optical image of the CNT reactor and schematic of the fabrication 
process of the CNT films by the floating catalyst method. 
 
3.2.2  Fabrication of CNT fibers 
As shown in Figure 3.2, the CNT fibers were fabricated from the as-
prepared CNT films which were synthesized by the floating catalyst method as 
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described in Section 3.2.1. By carefully controlling the magnitude of the 
applied force (1-5 N) 
[58]
, the CNT films collected for 1 min, 5 min, and 10 
min were mechanically rolled from one end to the other to fabricate the CNT 
fibers with various diameters ranging from 150 to 880 m.  
 
Figure 3.2 Fabrication of the CNT fiber by rolling up from the as-prepared 
CNT film. 
 
3.2.3  Post treatments of CNT fibers & films 
In order to further enhance the mechanical, electrical and thermal 
properties of the as-prepared CNT fibers and films, the following post 




3.2.3.1 Mechanical condensation method 
As shown in Figure 3.3, the as-prepared CNT films were firstly 
straightened and fixed in between two sheets of A4 paper by the following 
procedures 
[72, 134]
: one end of the CNT film was first fixed on the paper by 
plastic tape; second, the film was slightly straightened until it closely attached 
to the paper and the other end of the film was fixed by plastic tape; and then 
the other sheet of paper was covered on the film. These steps helped to ensure 
that the CNT film would not get damaged during the mechanical densification 
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process but at the same time allowed the force to be applied directly on the 
CNT film. A stainless steel spatula with a flat end was used to compress the 
A4 paper and the specimen from one end of the film, along the direction of the 
CNT axis. The applied force was approximately 100 N, 45° above the flat 
surface 
[134]
. This densification process was repeated 10 times for each 
specimen. 
 
Figure 3.3 Schematic of the mechanical condensation of the as-prepared CNT 
film. 
 
3.2.3.2 Acid treatment method 
The mechanical-condensed CNT films or fibers were immersed into 
HNO3 for 30 min at room temperature. Subsequently, the specimens were 
washed by de-ionized water and dried in a fume hood at room temperature 
[59, 
72]
. In this thesis, we define the CNT fibers or films without post treatments, 
with mechanical condensation and with mechanical condensation followed by 
acid treatment as: as-prepared, mechanical-condensed and acid-treated CNT 
fibers or films, respectively. 
 
3.2.4  Fabrication of CNT/polyimide aerogel (PIA) composite fibers 
To fabricate the polyimide aerogel, the polyamic acid oligomer was 
prepared from BPDA and ODA in NMP with a molar ratio of BPDA : ODA = 
26 : 25 
[210]
. The details of the preparation of the polyamic acid oligomer were 
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described as follows: 0.8376 g of ODA was first dissolved in 19 ml of NMP. 
Next, 1.2796 g of BPDA was added to the obtained ODA/NMP solution. After 
the BPDA was fully dissolved, a solution of 0.0481 g OAPS in 3.15 ml NMP 
was then added in and stirred for 10 min. Next, 3.30 ml acetic anhydride and 
2.80 ml pyridine were added to the obtained mixture, and stirred for another 
10 min. 
For the CNT/polyimide aerogel CNT/PIA composite fiber synthesis, the 
as-prepared CNT fibers, with diameter of 550, 630 and 770 m, were dip-
coated in the polyamic acid oligomer for 1 min to form a uniform coating, and 
then hung vertically in the air for subsequent gelation and aging. The gelation 
process took place within 20 min, and the gel-coated fibers were aged for 24 h. 
After aging, the gel-coated CNT fibers were soaked at 24 h intervals, in the 
respective solutions of 75% NMP in ethanol, 25% NMP in ethanol and 100% 
ethanol, sequentially. The CNT/PIA composite fibers were eventually 
obtained by drying these gel-coated CNT fibers, through the supercritical 




3.2.5  Fabrication of CNT/epoxy composite films 
To fabricate the CNT/epoxy composite films, the as-prepared CNT film 
collected for 10 min was defined as one CNT ply. Multiple CNT plies 
(containing 5, 10 and 20 CNT plies) were then stacked in the same CNT 
direction to form the CNT preforms, as shown in Figure 3.4a. The CNT 
preforms were first placed in a self-made resin transfer molding (RTM) mold, 
as shown in Figure 3.4b. Then the epoxy resin was injected through the CNT 
preforms under vacuum 
[51]
. The mix ratio of Epicote 1004 and Epicote 1004 
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hardener was in a weight ratio of 5:2, while the curing condition was at the 
room temperature for 24 h. The CNT/epoxy composite films were eventually 
obtained by carefully releasing the specimens from the RTM mold. In order to 
investigate the influences of the CNT-ply number on the multi-properties of 
the composite films, the CNT/epoxy composite films containing 1, 5, 10 and 
20 CNT plies were obtained. 
 
Figure 3.4 Fabrication process of the CNT/epoxy composite films. (a) 
Schematic of the arrangement of the CNT plies. (b) Experimental setup of the 
RTM process for preparing the CNT/epoxy composite films.  
 
3.3  Characterizations 
In order to study the morphologies and multi-properties of the CNT fibers 





3.3.1  Scanning electron microscopy (SEM) 
Scanning electron microscope (SEM) is a powerful instrument which 
permits the observation and characterization of heterogeneous materials on a 
nanometer to micrometer scale 
[211]
. The working principles of SEM can be 
concluded as that the specimen is hit by high energy electrons and the ejected 
electrons or X-rays are analyzed to perform the images. Generally, when the 
electron beam impinges on the specimen, various types of signals can be 
generated. Among them, secondary electrons and backscattered electrons are 
two most often used signals to produce SEM images 
[211]
. Detectors collect 
these ejected signals and convert them into point-by-point intensity changes on 
the viewing screen and produce an image 
[211]
. 
In this thesis, the structures of the CNT fibers, CNT films, CNT/PIA 
composite fibers and CNT/epoxy composite films were observed using a field 
emission SEM (FE-SEM, Model S-4300, Hitachi). All the specimens were 
gold sputtered using a JEOL JFC-1200 fine coater with a 10 mA current for 20 
sec before the SEM observation. 
 
3.3.2  Transmission electron microscope (TEM)  
Transmission electron microscope (TEM) is a microscopy technique of 
characterizing materials down to the atomic limits 
[212]
. A beam of electrons is 
transmitted through an ultra-thin specimen and interacting with the specimen, 
from which an image is formed and magnified onto an imaging device. In this 
thesis, the as-prepared and acid-treated CNT films were first dispersed in 
ethanol and dropped on copper grids. The nanostructures of the CNTs were 
then investigated using a TEM (JEOL, JEM-3010). 
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3.3.3  Raman spectroscopy 
Raman spectroscopy is a spectroscopic technique which relies on Raman 
scattering of monochromatic light. It is used to observe vibrational, rotational, 
and other low-frequency modes in a system 
[213]
. In particular, Raman 
spectroscopy provides a powerful tool for the characterization of CNTs due to 
their unique structure, electronic and phonon properties. In this thesis, the as-
prepared and acid-treated CNT films were placed on glass slides and 
characterized by a Horiba Jobin Yvon Modular Raman spectrometer. 
 
3.3.4  Surface area determination 
Brunauer-Emmett-Teller (BET) analysis determines precise specific 
surface area of materials by measuring nitrogen multilayer adsorption as a 
function of relative pressure 
[214]
. It is of great importance in to study the 
effects of surface porosity in many applications. In this thesis, in order to 
determine the distribution of pores in the as-prepared, acid-treated CNT films 
and CNT/PIA composite fibers, BET tests were conducted using a Nova 
2200e surface area and pore size analyzer (Quantachrome). 
 
3.3.5  Thermogravimetric analysis (TGA) 
Thermogravimetric analysis (TGA) is a technique in which changes in 
weight are measured as a function of increasing temperature. It provides 
information relating to physico-chemical properties at elevated temperatures 
[215]
. In this thesis, the as-prepared CNT fibers, PIAs and CNT/PIA composite 
fibers were analyzed on a DTG60H thermogravimetric analyzer from room 
temperature to 800 ºC in air with a heating rate of 10 ºC min-1. To evaluate the 
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CNT weight fractions in the CNT/epoxy composite films, TGA analysis was 
conducted on an SDT Q600 thermogravimetric analyzer from room 




3.3.6  Mechanical property characterization 
Tensile tests of the CNT films were conducted on a tensile tester 
(XS(08)XT-3, Shanghai Xusai Co), as shown in Figure 3.5. The CNT films 
were cut into slices with 2 mm in width, and fixed in between two pieces of 
cardboard paper. The specimens were tested using a gauge length of 10 mm 




Figure 3.5 Optical image of the tensile tester (XS(08)XT-3, Shanghai Xusai 
Co).  
 
Tensile tests of the CNT/PIA composite fibers and the corresponding 
CNT fibers were performed on an Instron 5500 tensile tester, with a gauge 
length of 10 mm at an elongation rate of 1.5 mm min
-1 [216]
. A video recorder 




For the CNT/epoxy composite films, tensile tests were conducted along 
the CNT direction on an Instron 5500 tensile tester. Gauge length and 





Mechanical properties of all above specimens were finally obtained by 
testing at least three specimens at ambient conditions. 
 
3.3.7  Electrical property characterization 
3.3.7.1 Electrical property characterization of CNT fibers & films 
The four-wire electrical resistances of the CNT fibers and films were 
measured using a Keithley 2420 source meter. For better electrical contacts, 
the two ends of the specimens were fixed on two separate glass slides with 
silver paint. The electrical conductivity (𝜎 , S cm-1) and specific electrical 









,                                                (3.2) 
where 𝑅(Ω), 𝐴 (m2), 𝐿 (m) and 𝜌 (g cm-3) are the resistance, cross-sectional 
area, length and bulk density of the specimen. To measure the bulk density of 
the specimens, the masses of the specimens were obtained with an analytical 
balance in accuracy of 0.01 mg and the dimensions of the specimens were 
measured by an Olympus optical microscope. The density (𝜌) of the film was 




,                                                 (3.3) 
59 
 
where 𝑤 (m) and 𝑡 (m) were the width and thickness of the specimen. The 




× 100%,                                         (3.4) 




 is the density of individual CNTs.  
The temperature coefficient of resistance (TCR or α, K-1) of CNT fiber & 
film was measured by four-wire electrical resistance measurements across the 
temperature range of 295-350 K.  
To study the anisotropic property of the CNT film, the electrical 
conductivities of the CNT films were measured in both the direction parallel 
(𝜎∥) and perpendicular (𝜎⊥) to the direction of CNT alignment, as shown in 
Figure 3.6. 
 
Figure 3.6 Schematics of measuring the electrical conductivity of the CNT 
film in the direction (a) parallel (σ║) and (b) perpendicular (σ┴) to the direction 
of CNT alignment. 
 
3.3.7.2 Electrical property characterization of CNT/PIA composite 
fibers 
The electrical resistances of the CNT/PIA composite fibers and the 
corresponding CNT fibers were measured using a Fluke 73III multimeter. As 
shown in Figure 3.7, for better electrical contacts, the two ends of the fiber 
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specimens were fixed on two separate glass slides with silver paint. Because 
of the core-shell structure of the CNT/PIA composite fibers, their electrical 
conductivities were measured in two ways, as shown in Figures 3.7b and c. 
The conductivity of the entire CNT/PIA composite fiber (𝜎𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 ) was 
obtained by connecting the entire cross sections of its two ends (Figure 3.7b), 
while the core electrical conductivity (𝜎𝑐𝑜𝑟𝑒) was obtained by only connecting 
two core regions with CNT fibers (Figure 3.7c). 
 
Figure 3.7 Schematics of measuring the electrical resistances of (a) the CNT 
fiber, (b) the CNT/PIA composite fiber (σcomposite) and (c) the core of the 
CNT/PIA composite fiber (σcore). 
 
3.3.7.3 Electrical property characterization of CNT/epoxy composite 
films 
The electrical resistances of the CNT/epoxy composite films were tested 
using a Fluke 73III multimeter. For better electrical contacts, the two ends of 
the composite specimens were fixed on two separate glass slides with silver 
paint.  
The electrical properties of all the above specimens were calculated based 
on the average of at least three specimens. 
 
3.3.8  Thermal property characterization 
The experimental setup for thermal characterization from the Steady-State 
Joule Heating Infrared Metrology Technique 
[71]
 is shown in Figure 3.8. As 
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shown in Figure 3.8a, each specimen was suspended between two pairs of 
copper blocks working as electrodes. For the CNT fiber specimens, the length 
of suspended portion was ~1cm; while for the film specimens, the suspended 
portion was ~2 cm in length and ~0.5 cm in width. Current flew through and 
heated the specimen. A Keithley 2420 source meter (Figure 3.8b) was used to 
source the current and measure the voltage drop across the specimen.  
 
Figure 3.8 (a) Optical image of a CNT fiber suspended between two copper 
electrodes that also serve as heat sinks. (b) Schematic of the experimental 
setup. The Keithley 2420 source meter sources current through the specimen 
leading to an increased temperature throughout the fiber, which is measured 
by the infrared microscope. (c) Example infrared microscope image of a CNT 
fiber during Joule heating for a specimen with a measured density of 0.28 g 
cm
-3
. Note the one dimensional heat transfer along the length of the fiber as 
indicated by the nearly uniform temperature in the direction perpendicular to 
the axis of the fiber. (d) Temperature profile along the axis of the fiber. Solid 
lines indicate temperature measured along 3 selected rows of pixels between 
the center and edge of the fiber. Blue crosses indicate data points averaged 
from each column of pixels in the 2D image. The bold solid red line indicates 
the best fit to the experimental temperature profile with an extracted thermal 










For the CNT fiber specimen, the temperature profile along the specimen 
was measured by an infrared temperature measurement microscope system 
(InfraScope
TM
, Quantum Focus Instruments Corporation), as shown in Figure 
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3.8c. The high spatial resolution (11.7 μm pixel-1 at 1x magnification) of the 
infrared microscope enabled hundreds of temperature data points along the 
length of a 1cm long specimen, as shown in Figure 3.8d. The one-dimensional 
(1-D) heat transfer along the length of the fiber is confirmed by the nearly 
uniform temperature in the direction perpendicular to the axis of the fiber as 
illustrated in Figures 3.8c and d 
[71]
. 
For the CNT film and CNT/epoxy composite film specimen, the 
temperature profile along the specimen was measured by a VariCAM high 
resolution thermographic system. All measurements were performed under 
ambient environment at room temperature (295 K). The range of currents 
tested was limited to ensure the average temperatures of the specimens do not 
exceed 303.5K (near room temperature).  
The emissivity of the sample was measured at a constant, uniform 
temperature (80 ºC) by heating the sample using a hot plate. The sample 
temperature was confirmed using a T-type thermocouple. When the 
temperature was stable, the radiance incident on each pixel of the detector was 
measured and compared to that of a blackbody at 80 ºC in order to estimate the 
emissivity (of radiation in the range of 2-5 μm). To confirm the accuracy of 
this measured emissivity, the sample was then cooled to uniform temperatures 
of 60 ºC, 40 ºC and room temperate (22 ºC). At each temperature, a thermal 
image of the sample was acquired assuming the measured emissivity at 80 ºC. 
The temperature extracted from the mapping image was compared to that 
measured by the T-type thermocouple. If the difference between the two 
temperatures were within 1 ºC, the emissivity was regarded valid. In this thesis, 
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the emissivity of the CNT fibers and films was measured as 0.86 ± 0.02, while 
the emissivity of the CNT/epoxy composite films was measure as 0.98 ± 0.02. 
Heat transfer along the specimen is governed by the steady-state one-






+ 𝑝′[1 + 𝛼(𝑇(𝑥) − 𝑇0)] − ℎ′(𝑇(𝑥) − 𝑇0) = 0,          (3.5) 
with the boundary condition of : 





,                                         (3.6) 
where 𝑘 (W m-1 K-1), 𝐴 (m2), 𝐿 (m) and 𝛼 (K-1) are the thermal conductivity, 
cross-sectional area, length and TCR of the specimen, respectively, ℎ′ (W m-1 
K
-1
) is the convective heat loss per unit length to the air, 𝑇(𝑥)  is the 
temperature profile along the length of the specimen, 𝑇0  (K) is the room 
temperature, 𝑇𝐿
2
 (K) is the temperature of the ends of the specimen, 𝑝′ =
𝐼2𝑅0/𝐿 is the heat generation per unit length in the specimen, and 𝐼 (A) and 
𝑅0 (Ω) are current amplitude and the electrical resistance of the specimen at 𝑇0, 
respectively. The analytic solution of Equation 3.5 is 

















,         (3.7) 
where 𝑚2 = (ℎ′ − 𝛼𝑝′)/𝑘𝐴, when ℎ′ − 𝛼𝑝′ > 0. Equation 3.6 was fitted to 
the experimental temperature profiles to measure the thermal conductivity 𝑘 
and convective heat transfer coefficient ℎ. Figure 3.8d shows an example of 
the best fit curve with an example experimental temperature profile. The 
traditional convection coefficient (ℎ, W m-2 K-1) was then calculated from: 
ℎ = ℎ′/𝑃,                                             (3.8) 
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where 𝑃 = 𝜋𝐷 (m) is the perimeter of the cross section of the specimen, 𝐷 (m) 
is the fiber diameter. 
Note that the analytical solution in Equation 3.7 assumes a constant 
convective coefficient along the length of wire. As the maximum temperature 
of the wire is limited to a few Kelvin above the set base temperature, the 
variation in the natural convection coefficient is small 
[71]
. Essentially, the 




The developed method was first verified by measuring the thermal 
conductivity of the bare nickel chromium resistance (BNC) wires (AWG 30, 
Consolidated Electronic Wire & Cable, United States). As can be seen in 
Table 3.1, all experimental values are very close to the values provided by the 
manufacturer, with standard deviations of less than 10%. Thus, the 
experimental setup and methods employed in the present work were validated 
and can be successfully applied on the CNT fibers, CNT films and CNT/epoxy 
composite films. The thermal conductivities of the CNT films were measured 
in both the direction parallel (𝑘∥) and perpendicular (𝑘⊥) to the direction of 
CNT alignment. The thermal conductivities of the CNT/epoxy composite 
films were measured in the direction parallel to the direction of CNT 
alignment. 
Table 3.1 Data sheet and experimentally measured properties of the bare 






Diameter (m) 254 255 ± 5 
Resistance (Ω cm-1) 0.2215 0.2195 ± 0.005 
TCR (K-1) 0.00015 0.000146 ± 0.00002 
Thermal conductivity 
(W m-1 K-1) 




CHAPTER 4:  Morphologies and Multi-Properties of 
Carbon Nanotube Fibers 
4.1  Introduction 
Manufacturing carbon nanotubes (CNTs) into continuous, macroscale 
fibers is a significant step towards integrating them into practical applications 
that fully exploit the excellent axial properties of individual CNTs. As 
discussed in Section 2.2, the CNT fibers, produced by either the wet-spinning 
method 
[66, 67]
, or the array-spinning method 
[68]
, or the direct-spinning via the 
floating catalyst method 
[26, 42, 44, 51, 58, 134]
 are promising as the novel light-
weight, high-strength, and highly conductive materials. The effects of the 
fabrication conditions 
[151, 168]
 and different post-treatment methods 
[3, 66, 134, 135, 
156]
 on the morphology, mechanical, and electrical properties have been 
systematically studied for several years. But there were few reported 
experimental studies on the thermal properties of CNT fibers 
[32, 66, 69, 137, 152, 161, 
162, 173]
 and the large difference in the reported thermal conductivity values of 
the similar fibers indicates a significant dependence on quality, fabrication 
processing and measurement techniques.  
The floating catalyst method 
[26, 42]
 leverages the ability to produce the 
CNT fibers in large scale efficiently with the controllable CNT structures and 
outstanding mechanical and electrical properties 
[26, 42, 134]
. This is in contrast 
to the wet-spinning and array-spinning methods where individual CNTs are 
first produced as powders or arrays and require a separate post-process of 
spinning to create the CNT fibers. As introduced in Section 2.2.2, the thermal 
conductivity of the CNT fibers fabricated by the floating catalyst method has 
not yet been reported in details, but they are expected to have high thermal 
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. Moreover, there are fewer studies 
on the mechanism of convective heat transfer in the CNT fibers due to the 
limitations of the previous measurement techniques. Therefore, a 
comprehensive study of the heat conduction and convection of the CNT fibers 
synthesized from the floating catalyst method is of great importance.  
In this thesis, the thermal conductivity and heat transfer coefficient by 
natural convection of the CNT fibers fabricated from the floating catalyst 
method are comprehensively investigated. A steady-state Joule heating 
infrared thermal metrology technique is developed to study the thermal 
conductivity and convective heat transfer for the CNT fibers 
[71]
. This 
technique leverages infrared microscopy as a non-contact, non-destructive, 
fast thermal characterization tool to measure the two-dimensional temperature 
maps in the CNT fibers and films self-heated by Joule heating.  
Compared to the conventional measurement techniques, the thermal 
conductivity of the specimen in this technique can be extracted in air and 
without any microfabrication. Further, the steady-state technique developed 
here enables a direct measurement of thermal conductivity (independent of 
density and specific heat) while simultaneously measuring convective heat 
transfer coefficient. The technique is applicable to a broad class of electrically 
conductive materials ranging from metallic wires to CNT-based fibers. Here, 
the effects of the micro/macrostructure, collecting time, fiber diameter, and 
density on the thermal conductivity and the convection coefficient of the CNT 
fibers are investigated for the first time. These data complement the previous 
work characterizing the mechanical and electrical properties of the CNT fibers 
directly spun from the floating catalyst method.  
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4.2  Morphologies of the CNT fibers 
The as-prepared CNT fiber typically shows a cylindrical shape (see 
Figure 4.1a) with a diameter ranging from ~100 m to ~900 m. Since the 
fiber was fabricated by rolling up the aligned CNT films as discribed in 
Section 3.2.2, the fiber exhibits a layer-by-layer structure with gaps residing in 
between the different layers, as revealed in Figure 4.1b. As shown in Figure 
4.1c, the as-prepared CNT fiber consisting of aligned CNTs is observed to 
have a highly porous structure which is the reason for their low densities 
calculated by Equation 3.3 (0.15 ± 0.01 to 0.87 ± 0.02 g cm
-3
, see Table 4.1). 
Figure 4.1d reveals that the CNT in the fiber is multi-walled nanotube 
(MWNT) with 15-20 walls and their diameters are approximately 15 nm.  
 
Figure 4.1 (a) SEM image of the surface of a cylindrical-shape CNT fiber 
with a diameter of 880 m. (b) SEM image of the cross section of a CNT fiber. 
Note that there are gaps residing in between the different CNT layers. (c) SEM 
image of the aligned CNTs in the CNT fiber. (d) TEM image of the individual 




Table 4.1 summarizes the collecting times (𝑡𝑐), diameters (D), densities 
(ρ), CNT volume fractions (f), electrical conductivities (σ), thermal 
conductivities (k) and convective coefficients (h) of the as-prepared CNT 
fibers. These data are discussed in details in the following sections. 






















(W m-2 K-1) 
10 880 ± 10 0.15 ± 0.01 7.1 ± 0.3 230 ± 20 5.1 ± 0.4 48 ± 9 
10 540 ± 15 0.37 ± 0.01 17.6 ± 0.5 472 ± 23 13.0 ± 1.2 72 ± 15 
10 400 ± 13 0.87 ± 0.02 41.4 ± 0.5 1050 ± 53 28.0 ± 2.4 193 ± 40 
5 506 ± 9 0.28 ± 0.01 13.2 ± 0.7 384 ± 64 9.5 ± 1.2 37 ± 20 
5 427 ± 2 0.37 ± 0.01 17.6 ± 0.4 491 ± 29 12.5 ± 1.5 65 ± 15 
5 366 ± 20 0.65 ± 0.06 30.9 ± 3.0 778 ± 22 22.5 ± 1.9 160 ± 19 
1 363 ± 30 0.11 ± 0.01 5.5 ± 0.1 150 ± 12 4.7 ± 0.3 26 ± 10 
1 205 ± 7 0.36 ± 0.03 17.1 ± 1.3 405 ± 68 13.0 ± 2.0 67 ± 10 
1 150 ± 5 0.67 ± 0.04 32.0 ± 3.0 700 ± 50 23.0 ± 2.3 107 ± 9 
 
4.3  Electrical properties of the CNT fibers 
Figure 4.2 shows the effect of the CNT volume fraction on the electrical 
conductivity of the CNT fibers. When the CNT volume fraction increases 
from 5.5% to 41.4%, the electrical conductivity of the fibers increases from 
150 S cm
-1
 to 1050 S cm
-1
. This is mainly because of the increased intertube 
interaction in the denser CNT fibers. The electrical conduction of the CNT 
macroscale assemblies is dominated by an electron hopping mechanism 
[16]
. 
The electron hopping is enhanced when more CNTs contact with each other, 








Figure 4.2 The electrical conductivity and specific electrical conductivity of 
the CNT fibers as a function of the CNT volume fraction. Note that the 
electrical conductivity increases approximately linear with the CNT volume 
fraction indicating a nearly constant specific electrical conductivity. 
 
While there is a clear increase in the electrical conductivity with the 
increasing CNT volume fraction, the specific electrical conductivity, defined 
as the ratio between fiber electrical conductivity and bulk density, is nearly 










obtained by linearly fitting the data for electrical conductivity as a function of 
fiber bulk density, as shown in Figure 4.2. A similar trend of the increasing 
electrical conductivity with the CNT volume fraction, but constant specific 
electrical conductivity, was previously observed by Miao 
[168]
 for the array-
spun CNT fibers. The measured specific electrical conductivity is comparable 
with the previously best results on the CNT fibers synthesized by the floating 






 and the CNT fibers synthesized from the 
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. And it is much higher than the specific 
electrical conductivities of several other studies of the CNT fibers synthesized 







The average temperature coefficient of resistance (TCR) near room 
temperature for the CNT fibers is 0.00115 ± 0.00025 K
-1
. The reported values 




-1 [66, 68, 69, 156]
. TCR is a critical parameter used to describe the stability 
of resistance of the material upon change in temperature 
[57]
. For the 
applications such as electrical wiring, the absolute value of TCR is expected to 
be as low as possible, because it ensures insensitivity of the conduction of the 
wire to the change of temperature conditions 
[57]
. Note that the TCR of the 
CNT fibers in this thesis is approximately half that of the TCR of copper 
(~0.004 K
-1




, which is a promising result for 





4.4  Thermal properties of the CNT fibers 
4.4.1  Thermal conductivities of the CNT fibers 
In this thesis, the thermal conductivities of the CNT fibers with different 
collecting time (1, 5, and 10 min) and CNT volume fractions (5.5%-41.4%) 
are measured by the steady-state Joule heating infrared metrology technique 
[71]
. First, in order to investigate the effects of collecting time and diameter, the 
CNT fibers with the same CNT volume fraction (~17%) are made from the 
1min-, 5min- and 10min-CNT films. As shown in Figure 4.3a, the diameters 
of the fibers increase with the increasing collecting time. Larger fiber volume 
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is expected because the longer collecting time leads to increased accumulated 
CNT mass while the CNT volume fraction is kept constant. The thermal 
conductivities of the fibers made from 1min-, 5min- and 10min-films are 13.0 




, respectively, which are nearly 
independent to the fiber diameter and collecting time.  
 
Figure 4.3 Impacts of (a) collecting time and (b) CNT volume fraction on the 
thermal conductivity of the CNT fibers. The thermal conductivity of the CNT 
fibers is independent of the collecting time and fiber diameter, but increases 
approximately linearly (blue dotted line) with the CNT volume fraction 





The green solid line indicates the best fit of the model of Chalopin et al. 
[219]
, 







In contrast to the fiber diameter and collecting time, the CNT volume 
fraction has a great influence on the fiber thermal conductivity. Figure 4.3b 
shows the thermal conductivities of the CNT fibers as a function of CNT 
volume fraction. When the CNT volume fraction increases from 5.5% to 
41.4%, the thermal conductivity of the CNT fibers increases from 4.7 ± 0.3 to 




. Similar to the specific electrical conductivity, the 
specific thermal conductivity (𝑘′ ) is also nearly independent of the CNT 
volume fraction as illustrated by the nearly linear relationship between the 
CNT volume fraction and the thermal conductivity. The average specific 






 by linearly fitting the 
thermal conductivity as a function of the fiber bulk density.  
Heat conduction in carbon-based materials is usually dominated by 
phonons due to the strong covalent sp
2
 bonding resulting in efficient heat 
transfer by lattice vibrations 
[157]
. The electronic contribution to the thermal 




) is predicted to be less than 5% of the total 






= 𝐿𝑇,                                               (4.1) 
where 𝜎 (W m-1 K-1), 𝐿 =2.44×10-8 W Ω K-2, and 𝑇 (K) are electrical 
conductivity, Lorenz number, and temperature respectively.  
The CNT fiber can be regarded as a two-phase system consisting CNTs 





A simple model considering CNTs conducting heat parallel with the air 
predicts that the thermal conductivity increases linearly with the CNT volume 
fraction (𝑓) [19]:   
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𝑘𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛 = 𝑓𝑘𝐶𝑁𝑇 + (1 − 𝑓)𝑘𝑎𝑖𝑟 ≈ 𝑓𝑘𝐶𝑁𝑇.                  (4.2) 





for the thermal conductivity of the individual CNTs (𝑘𝐶𝑁𝑇) in the fibers. This 
is within the reasonable range for individual MWNTs. Previous researchers 









for the MWNT with a diameter of 11.4 nm 
[221]
. However, it is 
much lower than other previous measurements of individual MWNTs 
[222-227]
. 
This can be explained by the previous studies that the bulk density is not the 
only factor influencing the thermal conductivity of CNT-based systems. The 
low apparent thermal conductivity of the CNT fibers compared to that 
predicted from the high values of thermal conductivity of the individual CNTs 
reported in literature can be explained by the impact of the CNT contacts, the 
CNT quality and the morphology of the CNT fibers 
[19, 69]
.  
Thermal contact resistance leads to temperature jumps at the interfaces 
between contacting CNTs 
[19]
. The contact points may also introduce 
additional phonon scattering or damping phonon modes within a CNT 
reducing the effective thermal conductivity of each CNT 
[19]
. Although the 
coupling in the CNT bundles significantly increases the contact area, it may 
also lead to the deformation of the CNT shape due to van der Waals force 
between the adjacent CNTs 
[228]
. The deformation could lead to suppression of 
optical phonon modes 
[225]
 and increased inter-CNT contact resistance 
[229]
, 
which results in substantially reduced thermal transport abilities for the 
individual CNT.  
The CNT-CNT contact conductance (𝐺𝐶𝑁𝑇−𝐶𝑁𝑇) is extracted by fitting the 
model of Chalopin et al. 
[219]













 is the surface mass density of graphene, 𝐿 
(m) and 𝐷 (m) are the length and diameter of the individual CNT. 𝐺𝐶𝑁𝑇−𝐶𝑁𝑇 is 
estimated to be on the order of 13-130 pW K
-1
. Note that this model was 
developed for randomly oriented CNT films instead of aligned CNT films or 
fibers, and neglects the finite thermal conductivity of the individual CNTs. But, 
essentially, this value can be considered an upper bound to the thermal 
resistance for the CNT contacts and it is comparable to the few reported 






In addition to the contact resistances, thermal conduction within the CNT 
macroscale assemblies is complicated due to the CNT quality and morphology. 
MWNTs grown by CVD are generally more defective than those grown by arc 
discharge or laser ablation methods 
[232]
. Simulations and measurements of the 
individual CNTs with defects showed that the thermal conductivity decreased 
significantly with the increased defect concentration 
[19]
. The CNT fibers or 
films consisting of longer CNTs may exhibit even lower conductivity because 
of the higher probability of defects within a longer CNT 
[19]
. Additionally, the 
structural inhomogeneity of the CNT macroscale assemblies strongly impacts 
their apparent thermal conductivity 
[69, 225]
. As shown in Figure 4.4, although 
the CNTs are assembled into bundles with high orientation preference (Figure 
4.4a), the dangling ends and interweaving are still observed in the fiber 
structure (Figure 4.4b). The inhomogeneity may cause the effective thermal 




Figure 4.4 SEM images of (a) the aligned CNTs within the CNT fiber and (b) 
the inhomogeneity, such as the interweaving and dangling ends, which may 
depress the effective thermal conductivity of the CNT fiber. 
 
4.4.2  Convective heat transfer in the CNT fibers 
Natural convection from the CNT fibers is also investigated in this thesis. 
The physics of solid to gas heat transfer changes considerably with size 
[175]
 
and environmental factors like temperature and pressure 
[176]
. Since most 
microelectronic and micro-electro-mechanical devices operate in the air, 
understanding the mechanism of convective heat transfer at microscale is 
critical for accurate predictions of temperature and device performance. Figure 
4.5a shows the convection coefficients of the CNT fibers with various 




, which is 
higher than the typical values for the natural convection coefficient at the 










Figure 4.5 (a) Impact of the fibers diameter and collecting time on the 
convection heat transfer coefficient. The trend of decreasing convection 
coefficient with fiber diameter agrees well with the correlation of Churchill 
and Chu 
[220]
, (dashed line), although exact values differ. Note that for the 
same fiber diameter, a higher collecting time indicates more CNTs within the 
same outer fiber diameter. (b) Measured convection coefficients of this work 
compared with experimental 
[70, 233, 234]
 and predicted 
[175]
 data in the literature 
for the micro-wires.  
 
In general, most thermal conductivity measurements of fibers require a 
high-vacuum environment to eliminate convection losses, which increases the 
experimental complexity. As a result, there are fewer studies 
[70, 175, 176, 233-236]
 
on the mechanism of convective heat transfer at microscale than at the 
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macroscale, as shown in Figure 4.5b. Li et al. 
[70]
 reported the convection 




 for the CNT fibers an order of magnitude 
smaller in diameter than the fibers in this work (~36-43 m compared to 
~150-800 m). Hsu et al. [235] found the heat transfer coefficient between the 









. Other studies on free convection 
from other microscale materials showed that the convection coefficient varies 




 depending on the diameter of the micro-wire 
[70, 175, 
176, 233, 234, 236]
. The observation in this thesis is consistent with these results in 
the literature, suggesting that the convection coefficient for the CNT fibers is 
also strongly influenced by scaling effects, as well as the CNT fiber structure 
and environmental factors.  
As shown in Figure 4.5a, for the CNT fibers with the same collecting time 
(e.g. 10 min), the convection coefficient decreases with the increasing 
diameter. This trend is consistent with the results calculated by the correlation 
of Churchill and Chu 
[220]
 for free convection on long horizontal cylinders: 









  𝑓𝑜𝑟 𝑅𝑎𝐷 ≲ 10
12,             (4.4) 
where 𝑁𝑢̅̅ ̅̅ 𝐷 = ℎ𝐷/𝑘𝑎𝑖𝑟 , 𝑅𝑎𝐷 , 𝑃𝑟  are the Nusselt number, Rayleigh number 
and Prandtl number, respectively. However, Figure 4.5a shows the 
experimental results are larger than the corresponded calculated values, 
although the diameter scaling effect has been taken into account in this 
correlation. In addition, the correlation of Churchill and Chu 
[220]
 indicates that 
the convection coefficient monotonically decreases with the increasing 
diameter, independent of other fiber properties. However, the convection 
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coefficients of the CNT fibers in this work (Figure 4.5a) are also affected by 
the collecting time, which determines the number of CNTs inside the fiber. 
These results suggest that the porous structure of the CNT fibers may 
affect the convective heat transfer considerably. Since it is difficult to count 
the number of the individual CNTs inside the fiber, the effect of the CNT 
volume fraction, reflecting the number of individual CNTs per unit volume, is 
chosen to be investigated. As shown in Figure 4.6a, the convection coefficient 
increases with the increased CNT volume fraction. The possible reason can be 
the influence of the porous structure of the CNT fiber on the convective heat 
transfer. Previous studies report that surface area to volume ratio demonstrates 
great impact on the heat transfer coefficient 
[176, 237]
. Unlike solid materials 
where no pore exists in their structure, the effective surface area of the CNT 
fibers is difficult to calculate because of their complex porous structures. The 
insets in Figure 4.6a show illustrations of the cross-section of the CNT fiber. 
The structure of the CNT fibers can be regarded as numerous CNT bundles 
consisting of aligned individual CNTs. Open pores, between the CNT bundles, 
interconnect the air inside and outside of the fiber.  
Thus, the free convection can be considered on not only the outer surface 
of the entire CNT fiber but also the surface of each or some CNT bundles 
inside. The convection coefficient reflects the degree of heat loss per unit area. 
Assuming a fixed outer diameter and a fixed convection coefficient on CNT 
bundle surface, a fiber with higher CNT volume fraction consists of more 
CNT bundles and thus could have a larger effective surface area for 
convection. This leads to the more total heat loss and higher effective 
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convection coefficient, because only the outer perimeter (𝑃 = 𝜋𝐷 ) is used to 
calculate the convection coefficient (ℎ) in Equation 3.8.  
 
Figure 4.6 (a) The effect of the CNT volume fraction on the convection 
coefficient of the CNT fiber. Insets show the cross-section of a CNT fiber with 
different CNT volume fractions. (b) The convection coefficient of the CNT 
fiber as a function of the effective diameter. The red hollow circles in (a) and 
the solid red line in (b) indicate the calculated convection coefficient using the 
Churchill-Chu correlation (Equation 4.4) and the effective diameter (Equation 
4.5) of the fiber. 
 
For a better understanding of the convective heat transfer in the porous 
structure like the CNT fiber here, the following empirically-obtained equation 




−1.6𝑓−1.8 + 0.061).                      (4.5) 
where 𝐷𝑒𝑓𝑓  (m), 𝐷 (m) and 𝑓 (%) are the effective diameter, outer diameter 
and CNT volume fraction of the CNT fiber. As shown in Figures 4.6a and b, 
the corresponding convection coefficients calculated by Equation 4.4 and 4.5 
have a good consistency with the experimental data. To a certain extent, this 
estimate of effective diameter indicates synergistic effects between the outer 
diameter and the number of CNTs inside the fiber on the convective heat 
transfer in these porous CNT fibers. 
The mechanism of heat transfer between microscale materials and air or 
other gasses is also controversial. The previous research assumes that the 
dominant mode of heat transfer at the microscale is conduction through the air, 
instead of the classic notion of advection, such that natural convection effects 
could be neglected at microscale 
[237]
. Models considering the scaling effect 
and the microstructure of the CNT fiber are required in the future to further 
study the mechanism of heat transfer in the complex CNT assemblies. 
 
4.5  Conclusions 
This chapter demonstrates a robust, fast electrothermal technique for 
simultaneously measuring the thermal conductivity and convection coefficient 
of the CNT fibers and films. The measured thermal and electrical performance 
demonstrates the promise for using these fibers in macroscale applications 
requiring effective heat dissipation. 









, which is lower than the expected from the 
high thermal conductivity of the individual CNTs. The major factors limiting 
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the apparent thermal conductivity of the CNT fibers are the interfacial contact 
resistance and structural inhomogeneity in the fibers.  
The convective heat transfer coefficient for the as-prepared CNT fiber 
strongly depends on their diameter and CNT volume fraction. A correlation 
between the CNT volume fraction, fiber diameter, and convective coefficient 
has been developed based on the experimental data. Improved models 




CHAPTER 5:  Morphologies and Multi-Properties of 
Carbon Nanotube Films 
5.1  Introduction 
The carbon nanotube (CNT) thin film synthesized by the floating catalyst 
method has attracted increasing attention because of the cost-effective 
fabrication process and promising mass production, compared to the solution-
based and array-based methods as discussed in Section 2.3.1. However, the 
highly porous structure and the poor CNT interaction make the as-prepared 
CNT films show lower multi-properties compared to those of the individual 
CNTs.  
Efforts of improving the multi-properties of the CNT macroscale 
assemblies include controlling the CNT length, number of CNT walls, CNT 
diameter 
[41, 238]
, CNT alignments 
[26]
 and intertube load transfer 
[158, 239]
. The 
intertube load transfer between the CNTs could be improved by enhancing 
their covalent cross-links using irradiation 
[239]
, van der Waals interaction by 
densification 
[142]
, and cross-link bonds by polymerization 
[43]
. Additionally, 
surface modification of the CNTs has shown the effectiveness in activating 
CNTs of creating the interfacial bonding among the CNTs 
[3, 156, 240-242]
.  
In this chapter, a fast two-step post treatment method, combining the 
mechanical condensation and acid treatment, is conducted on the CNT thin 
films to achieve a multi-property enhancement. Impacts of the post treatments 
on the morphologies and multi-properties of the CNT thin films have been 





5.2  Morphologies and densities of the CNT films 
Figure 5.1a shows a typical photograph of the as-prepared CNT film. As 
shown in Figure 5.1b, the as-prepared CNT film consisting of aligned CNTs is 
observed to have a highly porous structure. As shown in Section 4.2, the CNTs 
in the films are multi-walled nanotubes (MWNTs) with 15-20 walls and their 
diameters are approximately 15 nm.  
 
Figure 5.1 (a) Optical image of the as-prepared CNT film with the collecting 
time of 30 min. SEM images of (b) the as-prepared, (c) the mechanical-
condensed, and (d) the acid-treated CNT film with the collecting time of 30 
min, as described in Section 3.2.1 & 3.2.3. Note that the as-prepared CNT film 
has porous structure, while the mechanical-condensed and acid-treated CNT 
films possess compacted structure with larger CNT bundles and better CNT 
alignment. 
 
5.2.1  Effects of the collecting time 
As shown in Table 5.1, there is no significant change in the film thickness 
while the collecting time increases from 5 min to 30 min. This may be 
attributed to the fast collecting speed (2 km h
-1
) keeps the film collapsing on 
the roller. The gravity effect from the accumulated CNT mass may also limit 
the intertube spacing increasing with the collecting time. On the other hand, 
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the film density increases from 0.30 g cm
-3
 to 1.39 g cm
-3
 while the collecting 
time increases from 5 min to 30 min, as shown in Table 5.1. The increased 
density with time is expected because the longer collecting time leads to the 
increased accumulated CNT mass while the film dimension is nearly kept 
constant. 
Table 5.1 Thicknesses and densities of the as-prepared, mechanical-condensed 













As-prepared CNT films 
5.0 No No 8.0 ± 4.5 0.30 
10.0 No No 5.5 ± 0.3 0.69 
17.5 No No 8.2 ± 0.4 0.88 
30.0 No No 7.9 ± 1.0 1.39 
Mechanical-condensed CNT films 
5.0 Yes No 4.5 ± 0.4 0.49 
10.0 Yes No 4.2 ± 0.2 1.00 
17.5 Yes No 4.9 ± 0.4 1.50 
30.0 Yes No 5.6 ± 0.6 2.16 
Acid-treated CNT films 
5.0 Yes Yes 7.5 ± 0.3 0.47 
10.0 Yes Yes 3.5 ± 0.2 1.29 
17.5 Yes Yes 4.5 ± 0.3 1.22 
30.0 Yes Yes 4.3 ± 0.2 2.34 
 
5.2.2  Effects of the mechanical condensation 
After the mechanical condensation, the CNT film (Figure 5.1c) has more 
compacted structure with decreased intertube spacing, less entangled CNTs 
and better CNT alignment. Comparisons between the thickness of the as-
prepared and mechanical-condensed CNT films, having various collecting 
times from Table 5.1, reveal that the thickness of the films show consistent 
decrease after the mechanical condensation which is account for the increased 
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densities of the mechanical-condensed CNT films. Due to the applied 
mechanical force through densification, the porous structure of the as-prepared 
CNT film gives room for the bundles to compact together, resulting in more 




5.2.3  Effects of the acid treatment 
As shown in Table 5.1, after acid-treatment, no significant change on the 
densities of the acid-treated films is observed compared with those of the 
mechanical-condensed films, while the film thicknesses show a slight decrease 
for most specimens. These results indicate that the acid treatment may have 
densification effect on the CNT film. Such densification effect is confirmed by 
the SEM image shown in Figure 5.1d suggesting a further compacted structure 




5.3  Mechanical properties of the CNT films 
Figure 5.2 shows the typical stress-strain curves of the as-prepared, 
mechanical-condensed and acid-treated CNT films, demonstrating different 
stages of deformations 
[243]
. During the initial elastic stage (strain < 2%), the 
stress increases linearly, indicating that most individual CNTs have been 
loaded and the initial elastic deformation is mainly governed by the elastic 
deformation of individual CNTs in the CNT film. With the increase of tensile 
loading (strain > 2%), the slope of the curve shows a gradual decrease, due to 
slippage among CNTs in the film. The fracture of the film can be attributed to 
the accumulation of the slippage.  
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The mechanical condensation and acid treatment are believed to increase 
local contact forces and load bearing areas of the CNT films, resulting in 
improved mechanical properties 
[134]
. Therefore, an increase of up to 118% in 
modulus and 140% in tensile strength are observed comparing between the as-
prepared CNT film and the acid-treated specimen. The effects of the collecting 
time, mechanical condensation and acid treatment on the CNT film 
mechanical properties are discussed in details in the following sections. 
 
Figure 5.2 Typical stress-strain curves of the as-prepared, mechanical-
condensed and acid-treated CNT films.  
 
5.3.1  Effects of the collecting time 
As shown in Table 5.2, both the tensile strength and modulus increase 
with the increase of collecting time which is corresponding to the increasing 
film density as discussed in Section 5.2.1. This can be attributed to that the 
denser film structure provides more intertube contacts and better load transfer 








Table 5.2 Mechanical properties of the as-prepared, mechanical-condensed 













As-prepared CNT films 
5.0 No No 65 ± 12 0.7 ± 0.1 
10.0 No No 107 ± 14 0.8 ± 0.2 
17.5 No No 115 ± 29 1.0 ± 0.2 
30.0 No No 121 ± 8 1.9 ± 0.1 
Mechanical-condensed CNT films 
5.0 Yes No 87 ± 8 1.2 ± 0.1 
10.0 Yes No 132 ± 16 1.3 ± 0.4 
17.5 Yes No 169 ± 27 1.7 ± 0.5 
30.0 Yes No 227 ± 3 2.0 ± 0.2 
Acid-treated CNT films 
5.0 Yes Yes 142 ± 24 1.4 ± 0.3 
10.0 Yes Yes 156 ± 4 1.9 ± 0.3 
17.5 Yes Yes 183 ± 5 2.4 ± 0.5 
30.0 Yes Yes 243 ± 16 2.5 ± 0.1 
 
5.3.2  Effects of the mechanical condensation 
As shown in Figure 5.3 and Table 5.2, after mechanical condensation, the 
CNT films exhibit an increase of up to 87% in tensile strength and 70% in 
modulus: the mechanical-condensed CNT films of 5 to 30 min collecting time 
show higher tensile strengths of 87 ± 8 to 227 ± 3 MPa from 65 ± 12 to 121 ± 
8 MPa, and higher moduli of 1.2 ± 0.1 to 2.0 ± 0.2 GPa from 0.7 ± 0.1 to 1.9 ± 




Figure 5.3 (a) Tensile strengths of the as-prepared, mechanical-condensed and 
acid-treated CNT films. (b) Young’s moduli of the as-prepared, mechanical-
condensed and acid-treated CNT films. 
 
Such improvement in the mechanical properties may be due to the 
structure modification during the mechanical condensation, resulting in 
different fracture mechanisms. The experimental fracture morphologies of the 
as-prepared (Figures 5.4a and b) and mechanical-condensed (Figures 5.4d and 
e) reveal differences in their fracture mechanisms (Figures 5.4c and f). The 
interface plays a significant role in the stress transfer and the consequent 
improvements in the stiffness and strength 
[244]
. The uniformity of the fracture 
surfaces indicates the degree of CNT slippage and the intertube load transfer.  
For the as-prepared CNT film, uncoordinated deformation of the 
individual layers (Figure 5.4a) and the fluffy fracture morphology (Figure 5.4b) 
with long-distance slippage and wavy pullout end of CNTs (Figure 5.4c) 
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indicates the easy sliding of the CNTs and the weak intertube interaction in the 
highly porous as-prepared films 
[134]
. These results are consistent with the 
large strain to break and the large plastic regions of the as-prepared CNT films. 
 
Figure 5.4 (a and b) Fracture morphologies and (c) fracture mechanism of the 
as-prepared CNT film. (d and e) Fracture morphologies and (f) fracture 
mechanism of the mechanical-condensed CNT film. (g and h) Fracture 
morphologies and (i) fracture mechanism of the acid-treated CNT film.  
 
In contrast, the mechanical-condensed film shows a fairly straight fracture 
surface with shorter CNT pullout in Figure 5.4d. In the mechanical 
condensation, the close stacking of the CNT bundles and the reduced intertube 
spacing results in the improved CNT alignment (Figure 5.4e), giving rise to 
the stronger intertube interaction thus minimizing the intertube slippage 
[206]
. 
These contribute to the higher load bearing capability of the mechanical-




5.3.3  Effects of the acid treatment 
As shown in Figure 5.3 and Table 5.2, the acid-treated CNT films show 
an even further improvement in mechanical properties with tensile strengths of 
90 
 
up to 243 ± 16 MPa and moduli of up to 2.5 ± 0.1 GPa respectively, ~2 times 
more in strength than the graphene oxide paper 
[245]
, and ~3 times more than 
the anisotropic CNT papers 
[246]
. The largest improvement in tensile strength 
can be observed for the CNT film of 5 min collecting time. As this specimen 
has the lowest density and therefore more interspatial pores, the improvement 
may be due to the acid being able to effectively permeate the highly porous 
structure, giving more room for modification and improvement 
[72]
.  
A more uniform and compacted fracture surface with shorter CNT pullout 
(Figure 5.4g) and larger CNT bundles (Figure 5.4h) are observed in the acid-
treated film. The enlargement of the CNT bundles may be ascribe to the 
functional groups (such as hydroxyl, methyl, methylene and carbonyl) 
generated on the CNTs during the acid-treatment 
[3]
 resulting in the dipole-
dipole interaction or hydrogen bonding. Such interaction between acid-treated 
CNTs might be stronger than the van der Waals interaction between as-
prepared CNTs 
[3, 59]
, contributing to the further densified CNT structure. The 
enhanced interactions between the CNT bundles and local contact forces can 
improve the load transfer under applied tensile stress 
[72]
, which is consistent 
to the observed enhanced mechanical properties.  
 
5.4  Electrical properties of the CNT films 
5.4.1  Effects of the collecting time 
The electrical properties of the CNT films are shown in Table 5.3. The as-
prepared CNT films show an increase in electrical conductivity with the 
increased collecting time which is corresponding to the increasing film density. 
This is mainly due to the more stacking of CNTs in a denser film and thus 
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increases intertube interaction. Since the electrical conduction of the CNT 
macroscale assemblies is dominated by an electron hopping mechanism 
[16]
, an 
enhanced electron hopping is thus expected when more CNTs contact with 




Table 5.3 Electrical properties of the as-prepared, mechanical-condensed and 











As-prepared CNT films 
5.0 No No 491 ± 90 
10.0 No No 865 ± 156 
17.5 No No 913 ± 163 
30.0 No No 1410 ± 110 
Mechanical-condensed CNT films 
5.0 Yes No 663 ± 124 
10.0 Yes No 1007 ± 132 
17.5 Yes No 1438 ± 122 
30.0 Yes No 2150 ± 338 
Acid-treated CNT films 
5.0 Yes Yes 951 ± 66 
10.0 Yes Yes 2046 ±140 
17.5 Yes Yes 3005 ±238 
30.0 Yes Yes 4994 ± 636 
 
5.4.2  Effects of the mechanical condensation 
After the mechanical condensation, the CNT films with various collecting 
times of 5 to 30 min show an increase in electrical conductivity, from 491 ± 90 
– 1410 ± 110 S cm-1, to 663 ± 124 – 2150 ± 338 S cm-1. These promising 
results show a 16% to 57% improvement in the electrical conductivity after 
condensation. The highest conductivity of 2150 ± 338 S cm
-1
, is ~5 times 
higher than that of anisotropic CNT sheets 
[246]
. The mechanical condensation 
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effectively reduces the intertube spacing, thus resulting in an enhanced 
electron hopping 
[16]
 and a significant decrease in the contact resistance 
[247]
. 
Moreover, the applied compressive force may have re-oriented the CNTs in an 




5.4.3  Effects of the acid treatment 
The acid-treated CNT films demonstrate a general increase in electrical 
conductivity by at least a factor of 2. The 30 min specimen has the highest 
electrical conductivity of 4994 S ± 636 cm
-1
, much larger than 960 S cm
-1
 of 
SOCl2-treated bucky paper 
[249]
 and ~2000 S cm
-1 
of SOCl2-treated CNT film 
[53]
. This enhancement can be attributed to two factors where the acid 
treatment first purifies the CNTs 
[250]
 and possibly introduces some functional 
groups into the CNT films 
[251]
.  
Such significant improvements on electrical conductivities of the 
specimens can be related to purification of the CNTs, which are investigated 
further using Raman spectroscopy based on the ratio ID/IG. As shown in Figure 
5.5a, ID/IG decreases from 0.26 to 0.21 after acid treatment, suggesting that 
CNTs become less defective after this treatment. Chemical processing of the 
CNTs by the concentrated nitric acid induces several modifications to the 
structure including purification (i.e., to eliminate amorphous carbon adhering 
to the CNTs), functionalization, and decapping of the CNTs 
[240]
. 
Functionalization typically requires elevated temperature or long times (90-
120 min or more) 
[3, 16, 240]
, which may result in an increase in the ratio ID/IG 





Unlike the above studies, in this thesis, the CNT films are treated for just 
30 min at room temperature and purification is expected to be the dominant 
effect in this initial short period of acid treatment. The impact of the nitric acid 
is further elucidated by TEM images in Figures 5.5b and c. Before the acid 
treatment, many small particles, which are believed to be amorphous carbon 
[240]
, are observed adhering to the CNT surface. After 30 min acid treatment, 
the CNT surface becomes cleaner and thinner, which proves that the short acid 




Figure 5.5 (a) Effects of acid treatment on Raman spectra of CNT films. TEM 
images of the CNT (b) before and (c) after the acid treatment.  
 
Additionally, the densification of the macroscale structure can be another 
effect of acid treatment. It has been reported that the addition of functional 
groups onto the CNTs during acid treatment may generate hydrogen bonding 
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or dipole-dipole interaction 
[59]
. Such stronger interaction between CNTs, 
compared with the van der Waals interaction, can result in further 
densification of the CNT bundles 
[3]
, as shown in Figure 5.4h. The 
densification of CNT films reduces the contact resistance between the 
individual CNTs resulting in better electrical conductivity.  
Furthermore, it has been reported that the functional groups might 
improve the conductivity by serving as efficient electron pathways 
[252]
. 
However, a sufficient functionalization of CNTs usually leads to an increased 
𝐼𝐷/𝐼𝐺  indicating a more defective CNT structure 
[3, 16]
. As opposed, the 
increased 𝐼𝐺/𝐼𝐷 in this thesis suggests the degree of the functionalization may 
be very slight in the acid treatment. Hence, the effect of the functional groups 





5.5  Thermal properties of the CNT films 
High defect concentration and high thermal contact resistance between 
CNTs in macroscale assemblies are commonly cited reasons for the low 
thermal performance of CNT-based networks 
[220]
. Chemical modifications to 
the individual CNTs, such as acid treatments, have been demonstrated to 
improve CNT quality and manage the interfacial interactions 
[240]
. However, 
little thermal transport data exists for chemical modifications and the effect of 
acid treatment on the thermal conductivity of CNT macroscale assemblies has 
not yet been experimentally investigated.  
In this section, the developed steady-state Joule heating infrared 
metrology technique is used to measure the film thermal conductivity. Since 
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the loosen structure of the as-prepared CNT film impedes the inter-layer 
contact and the crumpled surface of the low-density CNT film limits the 
acquisition of a uniform temperature distribution during the thermal 
measurement, the CNT films used in the thermal measurement are highly-
dense films after the mechanical condensation. Hence, only the effects of acid 
treatment are investigated in this section. Besides, the differences between the 
thermal properties of the CNT films and the fibers in Section 4.4.1 are also 
discussed.  
 
5.5.1  Effects of the acid treatment 
To study the effects of acid treatment on the thermal conductivity, the 
mechanical-condensed CNT film was immersed in 65 wt. % HNO3 at room 
temperature for 30 min 
[71]
. The effects of acid treatment on thermal properties 
of the CNT films are summarized in Table 5.4. After the acid treatment, the 





by a factor of 6, while the specific thermal conductivity is enhanced by factors 
of 5. As discussed in Section 4.4.1, the specific thermal conductivities are 
nearly independent of density. However, the acid treatment significantly 
improves the specific conductivities in Table 5.4, indicating that the intrinsic 
thermal conductivity of the CNTs or the interfacial resistance have been 






















103.0 ± 10.0 680.0 ± 80.0 








87 ± 8 425 ± 50 




) 78 ± 10 124 ± 18 
 
The results of the BET surface area and pore size distribution further 
support the purification effect of acid treatment. As can be seen in Table 5.4, 
there is an enhancement of 50% for the BET surface area of the acid-treated 
specimen. The pore size distribution of specimen is also modified during the 
acid treatment, as shown in Figure 5.6. Although the majority of the pores 
range from 2-4 nm for both the mechanical-condensed and acid-treated 
specimens, there is a wide peak in the range of 15-30 nm for the mechanical-
condensed specimen. After acid treatment, two smaller peaks around 7 nm and 
10 nm are observed.  
The increase of the BET surface area and the change of pore size 
distribution may be attributed to the etching of the defects, such as amorphous 
carbon and very short, highly defective CNTs, in the CNT films resulting in 
smaller pores and increasing specific surface area. These defects, serving as 
resistances to thermal conduction and may prevent the overall thermal 
conductivity from achieving the expected performance 
[69, 225]
. More effective 
contacts between CNTs and less defective structure after purification greatly 






Figure 5.6 Effects of the acid treatment on the pore size distributions of the 
CNT films. 
 
Additionally, the CNTs assembled into thicker bundles with more 
compacted structure with larger densities after acid treatment, as shown in 
Figure 5.4. Since the contact resistance depends strongly on the contact angle 
and intertube space 
[19]
, the considerable enhancement of conductivities can 
also be attributed to the improving CNT-CNT contact conductance due to the 
better alignment, shorter intertube space, and larger effective contact area after 
densification.  
Interfacial contact resistance can also be modified through the covalently 
bonded CNTs 
[253]
, and there may be some slightly functionalized CNTs 
existing after the short time acid treatment 
[3, 240]
. However, thorough 
functionalization was reported to suppress the electrical conductivity of the 
CNT fibers 
[3]
 and also decrease the intrinsic CNT thermal conductivity 
[254]
 
due to the destruction of the crystalline structure of CNT, which can be 
observed by TEM. Based on the abovementioned characterizations, 
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functionalization is not the dominant reason for the observed enhancement of 
conductivities. 
 
5.5.2  Comparisons between the thermal properties of the CNT films and the 
CNT fibers  
As shown in Figure 5.7, the thermal conductivity and specific thermal 
conductivity of the CNT fibers and films at the room temperature in this thesis 
are comparable to those of other highly conductive CNT fibers and films by 
different methods 
[32, 45, 66, 69, 70, 137, 152, 173, 208, 255]
. In particular, the acid-treated 
CNT film combines both high absolute thermal conductivity and high specific 
thermal conductivity, which is even higher than the typical values of 
conventional heat-transfer metals (copper, aluminum and silver) and 
comparable to that of the highest performing CNT fibers and films reported in 
the literature.  
Interestingly, the specific thermal conductivity of the CNT film is much 
higher than that of the CNT fiber, which differs from the observation for the 
CNT fibers in Chapter 4 where the thermal conductivity increases nearly 
linearly with the increasing density and the specific thermal conductivity 
remains nearly constant in the density range of 0.11-0.87 g cm
-3
. This 
indicates some nonlinearity in the thermal conductivity with increased density 
in a wider density range (e.g. the film densities can reach 1.0-2.0 g cm
-3
). The 
nonlinearity in the thermal conductivity with increased density was also 
reported by Marconnet et al. 
[7]
 in their study of the thermal conductivity of 






No Specimen treatment CNT type Ref. 
Wet-spun CNT fibers 
1 spun with PVB, annealed MWNT 
[152]
 
2 doped with 102% H2SO4 SWNT 
[137]
 
3 as-obtained MWNT 
[70]
 
4 doped with HSO3Cl SWNT 
[66]
 
5 doped with HSO3Cl and I2 SWNT 
[66]
 
Array-spun CNT fibers 
6 as-prepared MWNT 
[69]
 
7 as-prepared MWNT 
[32]
 
8 as-prepared MWNT 
[173]
 
Selected highly conductive aligned CNT films 
9 array-drawn sheet MWNT 
[69]
 
10 magnetically aligned mat SWNT 
[255]
 
11 dense vertically aligned array MWNT 
[45]
 
12 aray-drawn buckypaper MWNT 
[208]
 
Aerogel-spun CNT fibers 
13 as-prepared MWNT This 
thesis 14 30min nitric acid-treated MWNT 
Aerogel-spun CNT films 
15 as-prepared MWNT This 
thesis 16 30min nitric acid-treated MWNT 
Figure 5.7 Thermal conductivity and specific thermal conductivity of the 
CNT films and fibers compared with other CNT fibers and films made by 
different methods 





The lower specific conductivity of the CNT fibers may be ascribed to the 
structure of the CNT fiber and the inter-CNT contact resistance. Since the 
CNT fiber was rolling from the CNT film, it can be regarded as a cylinder 
structure consisting of multiple layers of films. Aliev et al. 
[69]
 studied the 
effect of multilayered structure on the thermal conductivity of CNT sheets 
stacked on top of one another. They found that increasing the number of layers 
decreased the measured value of thermal conductivity, likely due to poor 
interfacial transport between the sheets. The same effect of decreasing thermal 
conductivity with increasing layers occurs for graphene layers when they are 
stacked in graphite. In that case, interlayer interactions quench the thermal 
conductivity by nearly an order of magnitude. The lower conductivity of 
multilayered structure indicates the presence of enhanced scattering of heat 
carriers at the tube-tube interconnections between layers. This result suggests 
that an improved fabrication method is required in the future to obtain highly-





5.6  Anisotropic properties of the CNT films 
The aligned CNT films possess the anisotropic mechanical and physical 
properties which are of great importance for various potential applications 
such as advanced composites 
[7]
, field emission transistors 
[256]
 and thermal 
interface materials 
[45]
. In this section, the multi-properties of the 60-min as-
prepared CNT films with the size of 1 cm × 1 cm are measured parallel and 
perpendicular to the direction of CNT alignment, as shown in Figure 3.6. The 
anisotropic ratios are defined as the ratio of the multi-properties measured 
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parallel to the CNT alignment to the ones measured perpendicular to the 
direction of CNT alignment. 
Table 5.5 Anisotropic multi-properties of the CNT films. 
Property 








432 ± 34 23 ± 2 19.1 
Young’s modulus 
(GPa) 












173.0 ± 8.0 25.0 ± 1.0 6.8 
 
The anisotropic multi-properties of the CNT films are summarized in 
Table 5.5. As can be seen, the mechanical, electrical and thermal properties 
measured parallel to the CNT alignment are much higher than those measured 
perpendicular to the CNT alignment. This is because of the unique sp
2
-bonded 
structure of CNTs with ultrahigh length-to-diameter ratio and their highly 
orientation preferred properties 
[246]
.  
For the mechanical properties, the external load is balanced by shear 
forces at CNT-CNT interfaces. The van der Waals interaction between CNTs 
is much stronger in the direction of CNT alignment, resulting in the much 
higher tensile strength and Young’s modulus [246]. The macroscopic electrical 
and thermal properties of the CNT films are mainly determined by the contact 
resistance between adjacent CNTs. It has been reported that the contact 
resistance between two parallel CNTs is much lower than that between two 
perpendicular CNTs, resulting in the higher film electrical and thermal 
conductivities measured parallel to the CNT alignment 
[19]
. Furthermore, the 
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high anisotropy is also attributed to the CNTs in the thesis possessing lengths 




5.7  Conclusions 
In this chapter, highly dense and aligned CNT films with controllable 
density are successfully fabricated by a fast two-step post treatment method 
the combining mechanical condensation and acid treatment. The effects of the 
collecting time, mechanical condensation and acid treatment on the multi-
properties of the CNT films are systematically investigated. After the 
mechanical condensation and acid treatment, the tensile strength, electrical 
and thermal conductivities reach up to 243 ± 16 MPa, 4994 ± 636 S cm
-1
 and 




, respectively. The great improvement is attributed to 
the enhanced intertube interaction after the mechanical condensation and acid 
treatment. The multi-properties of the developed aligned CNT films are much 
higher than the aligned CNT films made from CNT arrays 
[52, 246, 257, 258]
, and 
the aligned CNT films made by the floating catalyst methods 
[206]
, and both the 
disordered and the aligned CNT films made from the solution-based methods 
[259, 260]
. Moreover, these CNT films, having higher anisotropic ratios than 
those of the aligned CNT structures reported previously 
[52, 258, 260, 261]
, are 
promising for novel CNT applications. 
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CHAPTER 6:  Formation Mechanisms and Multi-
Properties of Carbon Nanotube/Polyimide Aerogel 
Composite Fibers 
6.1  Introduction 
One important application of the CNT fibers is using them as electrical 
cables 
[57, 165, 177-179]
. As a critical part in electrical cables, electrical insulation 
guarantees the current flows only in the cables and prevents short-circuits 
[57]
. 
Polymeric materials play a critical role in electrical insulation. Low density 
polyethylene (LDPE), which is a standard polymer used for electrical 
insulation of electrical wires, was applied as the insulation of CNT fiber cables 
in the past study 
[179]
. However, the high density (around 0.9 g cm
-3
) and low 
temperature stability (less than 100 °C) 
[262]
 limit the use of this conventional 
polymeric material as electrical insulation materials for CNT fiber electrical 
cables in aerospace applications. Hence, novel insulation materials are 
required with lower density, better flexibility and higher thermal stability. 
In recent years, polymer aerogel has been developed as a good alternative 
to polymer for a lightweight application of reinforcement. Among them, 
polyimide aerogels (PIAs, either in a linear 
[263]
 or cross-linked structure 
[210, 
264, 265]




, the excellent thermal stability (up to 500 °C) 
[264]
 and ultra-insulating 
[266]
 
of polyimides, are especially promising. Nevertheless, the development of the 
CNT/PIA composite fiber has not been reported. As the CNT fibers are almost 
tightly packed, the formation of the polymer chains and the morphology of the 
CNT/PIA composite fibers are necessary to explore. In addition, the electrical 
and mechanical properties of most porous materials depend strongly on their 
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morphologies. In view of a comprehensive study, it is worthwhile to 
investigate the formation mechanisms and effects of morphologies on the 
multi-properties of the CNT/PIA composites.  
In this chapter, for the first time, a simple and versatile route is 
successfully developed to prepare CNT/PIA composites. CNT/PIA composite 
fibers are obtained by dip-coating the as-prepared CNT fibers in the polyamic 
acid oligomer, followed by gelation, aging and supercritical drying. Formation 
mechanisms, morphologies and multi-properties of the CNT/PIA composite 
fibers are comprehensively investigated.  
 
6.2  Morphologies of the CNT/polyimide aerogel (PIA) composite fibers 
The PIAs are synthesized by using OAPS to cross-link the polyamic acid 
oligomer obtained from BPDA and ODA. BPDA and ODA are commonly 
used as dianhydride and diamine monomers in polyimide resin and polyimide 
aerogels. Herein BPDA imparts the high temperature resistivity and glass 
transition temperature 
[267]
, while ODA provides a flexible backbone 
[210]
. In 
addition, OAPS is regarded as an effective way to enhance the thermal and 
mechanical properties of the polyimide nanocomposites 
[210, 264]
. More 
fabrication details can be found in Section 3.2.4. 
The CNT/PIA fibers, as illustrated in Figure 6.1a, keep the cylindrical 
shapes of the CNT fibers, with the pale yellow PIA layers covered outside the 
CNT fibers. As shown in Figure 6.1b, the CNT/PIA composite fiber exhibits a 
core-shell structure including three different areas which are the CNT core, the 





Figure 6.1 (a) Optical image of the CNT/PIA composite fibers. (b) SEM 
image of the cross section of a CNT/PIA composite fiber.  
 
The further SEM and EDX observations on the cross-sectional area of the 
CNT/PIA composite fiber are shown in Figure 6.2. It is revealed that the CNT 
fiber serves as the core where the layer-by-layer structure of the CNT fiber is 
preserved in the composite fiber. Each of these layers consists of closely-
arranged CNTs and CNT bundles with diameters of approximately 20-100 nm, 
estimated from Figure 6.2a.  
A thin combined area exists outside the CNT core area, where the CNT 
bundles are embedded in the PIA matrix, as shown in Figure 6.2b. The 
combined area mainly consists of the clusters of the nanoparticles, with a 
relatively compacted porous structure. The existence of the closely-arranged 
CNT bundles may confine the space for the complete crosslinking of the PIA 
to develop a porous network 
[58]
. The continuous fibrous structure of the PIA is 
therefore largely disturbed in the combined area, and consequently results in 
the circular particles instead of the bundles.  
The PIA shell is formed at the outermost part of the composite fibers. 
Figure 6.2c shows that the PIA tightly wraps the combined area and form the 
cylindrical shell of the composite fiber. As can be seen, the porous PIAs are 
mainly composed of the tangled polyimide (PI) fibers with the diameter of 
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approximately 50 nm, estimated from Figure 6.2c. Further, the core, combined 
area, and shell of the CNT/PIA composite fibers are confirmed by the 
elemental compositions evaluated by EDX (Figures 6.2d, e and f).  
 
Figure 6.2 SEM images of the (a) CNT core, (b) combined area and (c) PIA 
shell of the CNT/PIA composite fiber. The corresponding elemental 
compositions evaluated by EDX of the (d) CNT core, (e) combined area and (f) 
PIA shell of the CNT/PIA composite fiber. 
 
Interestingly, the aligned PI fibers are observed in the PIA shell as shown 
in Figure 6.3a. Such preferred orientation of the PI fibers may be caused by 
the following two reasons. First, the gel-coated CNT fiber is vertically hung 
during the processes of the gelation, where the viscous liquid flew downwards 
the CNT fiber. In this way, a directional force (possibly the gravity or the 
fiction between the liquid and the surface of the CNT fiber) is applied to the 
polymer chains during gelation, thus possibly leading to the formation of such 
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an aligned structure 
[58]
. The other possible reason may be attributed to the 
aligned CNTs in the CNT fibers. As shown in Figure 6.3b, the aligned CNTs 
are wrapped by the aligned PI fibers. The direction of the aligned PI fibers is 
consistent with the direction of the CNTs. These observations thus indicate the 





Figure 6.3 (a) The aligned PI fibers in the PIA shell of the CNT/PIA 
composite fiber. (b) The aligned CNTs wrapped by the aligned PI fibers with 
the same direction of the alignment.  
 
Base on the Brunauer-Emmett-Teller (BET) theory 
[268]
, the surface area 




. The nitrogen sorption 
isotherm of the CNT/PIA composite fiber is IUPAC Type IV curve with an 
H1 hysteresis loop, as shown in Figure 6.4a, indicating CNT/PIA composite 
fiber consists predominately of three-dimensional (3D) continuous meso- or 
macro- pores 
[210, 269]
. A graph of relative pore volume versus pore diameter is 
shown in Figure 6.4b. According to the IUPAC definition 
[270]
, porous 
materials are classified into several kinds by their pore size. Microporous 
mateirals have pore diameters of less than 2 nm 
[270]
, mesoporous materials 
have diameters of 2 to 50 nm 
[270]
, and macroporous materials have pore 
diameters of greater than 50 nm 
[270]
. Figure 6.4b shows that the majority of 
the pore sizes lie in 35 and 60 nm respectively, with several small peaks in the 
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range of 2-10 nm, further confirming the meso- or macro- porous structure of 
the CNT/PIA composite fiber.  
 
Figure 6.4 (a) A typical nitrogen adsorption and desorption isotherm at 77 K 
of the CNT/PIA composite fiber. (b) Relative pore volume versus pore 
diameter of the CNT/PIA composite fiber. 
 
Thermal gravimetric analysis (TGA) and differential thermal analysis 
(DTA) of the PIA, CNT fiber and CNT/PIA composite fiber were conducted 
in air from room temperature to 800 ºC. As shown in Figure 6.5, for the PIA, 
little weight loss occurs until the onset of the decomposition temperature at 
550 °C, indicating that imidization is complete and NMP is removed 
completely by solvent exchange and supercritical drying 
[210]
. These results are 





nonporous- or bulk-form polyimide 
[272, 273]
. The CNT/PIA composite fibers 
demonstrate good thermal stability with an onset of decomposition of up to 
450 ºC. The DTA peaks of the CNT/PIA composite fiber show the 
combination of the DTA peaks of the PIAs and the ones of the CNT fibers, 
indicating the coexistence of these two components in the CNT/PIA composite 
fibers.  
 
Figure 6.5 TGA and DTA analysis curves of the PIA, CNT fiber and 
CNT/PIA composite fiber. 
 
6.3  Failure mechanisms of the CNT/PIA composite fibers 
The CNT/PIA composite fiber shows a two-stage failure behavior during 
the tensile tests 
[216]
, which is different from the failure mechanism of the CNT 
fiber. As shown in Figure 6.6a, the linear curve of the CNT fiber indicates the 
uniform load-bearing throughout the CNT fiber 
[134]
. Unlike the stress-strain 
curve of the CNT fiber, the CNT/PIA composite fiber exhibited two distinct 
portions in its loading curve in Figure 6.6b including the first from a strain of 
0 to 10%, and the second from 10% onwards. In the first portion, the stress 
reaches the peak at 6% strain before fluctuating downwards to 2 MPa, which 
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corresponds to the failure of the PIA shell, as shown in Figure 6.6c. After the 
PIA shell area breaks, the tensile load is then taken over by the CNT fiber in 
the core area. Therefore, the second portion in Figure 6.6b largely follows the 
stress-strain curve of the CNT fiber in Figure 6.6a. Eventually, both the core 
and shell areas of the CNT/PIA composite fiber fail within the gauge length, in 
a brittle manner in Figure 6.6d. 
 
Figure 6.6 Stress-strain curves of (a) the CNT fiber and (b) the CNT/PIA 
composite fiber. Optical images of (c) the PIA shell fracture and (d) the CNT 
core fracture during the tensile test.  
 
6.4  Mechanical properties of the CNT/PIA composite fibers 
The mechanical properties the CNT/PIA composite fibers are evaluated 
by tensile tests 
[216]
 and compared to their corresponding CNT fibers, as 
summarized in Table 6.1. It can be seen that the strength of the CNT fibers 
gradually decreases from 84 ± 2 to 37 ± 3 MPa, with an increase of fiber 
diameter from 500 to 770 µm. Meanwhile, the Young’s modulus of the CNT 
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fiber decreases with an increased diameter. The CNT fiber with diameter of 
550 m possesses the highest stiffness of 407 ± 20 MPa, over two times that 
of the fibers with diameters of 630 m and 770 m. The lower tensile 
strengths and Young’s moduli of the larger CNT fibers can be ascribed to their 
looser structures and larger cross-sectional areas 
[24, 274]
. As discussed in 
Section 5.3, a denser CNT structure leads to larger CNT bundles, better 
alignment, thus resulting in a better mechanical performance 
[24, 274]
.  














CNTF-500 0.97 501 ± 10 84 ± 2 407 ± 20 
CNTF-630 0.56 638 ± 12 51 ± 3 180 ± 13 
CNTF-770 0.40 762 ± 15 37 ± 3 129 ± 15 
CNTF-500/PIA 0.39 1218 ± 15 12 ± 2 68 ± 18 
CNTF-630/PIA 0.39 1284 ± 20 12 ± 1 55 ± 10 
CNTF-770/PIA 0.37 1372 ± 24 8 ± 1 44 ± 14 
a 
CNTF-n: CNTF refers to CNT fiber; n refers to the diameter of the CNT fiber. 
b 
CNTF-n/PIA: CNTF refers to CNT fiber; n refers to the diameter of the CNT fiber to 
synthesize the composite fiber; PIA refers to polyimide aerogel. 
 
The tensile strength and Young’s modulus of the CNT/PIA composite 
fibers range from 8 ± 1 MPa to 12 ± 2 MPa and 44 ± 14 MPa to 68 ± 18 MPa 
respectively, much greater than those of the pure PIA in the literature, with 
tensile strength of 2.1 MPa and Young’s modulus of 35 MPa [210]. However, 
the mechanical properties of the CNT/PIA composite fibers are much lower 
than those of the CNT fibers. The possible reason can be that the tensile 
strength and Young’s modulus of the pure PIA are much lower than those of 
the CNT fibers. Moreover, the thin combined area indicates that there is little 
infiltration of PIA into the CNT fiber during the synthesis, which may limit 
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the effective load transfer between the CNT fibers and the PIA and thus 
confine the mechanical properties of the CNT/PIA composite fibers. 
 
6.5  Electrical properties of the CNT/PIA composite fibers  
Table 6.2 summarizes the electrical properties of the CNT/PIA composite 
fibers. As can be seen from Table 6.2, the composite electrical conductivities, 
ranging from 49 ± 4 to 60 ± 5 S cm
-1
, are much lower than the electrical 
conductivities of the CNT fibers (217 ± 8 to 419 ± 20 S cm
-1
). This can be 
ascribed to the ultra-insulating property of PIAs 
[210, 264]
, making negligible 
contribution to the electrical conductivity of the CNT/PIA composite fiber.  














CNTF-500 501 ± 10 419 ± 20 -- 
CNTF-630 638 ± 12 273 ± 11 -- 
CNTF-770 762 ± 15 217 ± 8 -- 
CNTF-500/PIA 1218 ± 15 60 ± 5 418 ± 18 
CNTF-630/PIA 1284 ± 20 59 ± 5 257 ± 13 
CNTF-770/PIA 1372 ± 24 49 ± 4 184 ± 10 
a 
CNTF-n: CNTF refers to CNT fiber; n refers to the diameter of the CNT fiber. 
b 
CNTF-n/PIA: CNTF refers to CNT fiber; n refers to the diameter of the CNT fiber 
to synthesize the composite fiber; PIA refers to polyimide aerogel. 
 
Nevertheless, the CNT/PIA composite fibers still demonstrate much 
higher electrical conductivities, compared to most CNT/polyimide composites 
reported in the literature 
[20, 275-278]
 listed in Table 6.3. This may be attributed 
to the macroscale CNT fibers provide a continuous network which is more 
effective for the electron transport. Moreover, the high CNT volume fraction 
in the CNT/PIA composite fibers in this thesis (16% - 31%), compared to the 
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CNT volume fraction less than 10% in the previous studies 
[20, 275-277]
, also 
largely increase the composite electrical conductivity. 
Table 6.3 Comparison of the electrical conductivity of CNT/PIA composite 
fiber to other CNT/polyimide composites in the literature 
[20, 275-278]
.  




























MWNT/polyimide CNT film 183 
[278]
 
MWNT/PIA CNT fiber 60 This thesis 
 
For the application of the electrical wiring using the CNT fibers, the 
electrical conductivity of the CNT fiber before and after the insulation coating 
is critical 
[57, 177, 179]
, because the infiltration of the polymer may significantly 
decrease the electrcial conductivity of the CNT fiber 
[179]
. Therefore, the 
electrical conductivities of the CNT cores in the CNT/PIA compostie fibers, 
defined as the core electrical conductivities, are measured using the method in 
Section 3.3.7.2 and listed in Table 6.2. Compared to the CNT fibers, the core 
electrical conductivities, ranging from 184 ± 10 to 418 ± 18 S cm
-1
, are of the 
same order of those of the CNT fibers before the PIA coating (217 ± 8 to 419 
± 20 S cm
-1
), but the absolute values are slightly lower.  
This can be attributed to the thin combined area in the CNT/PIA 
composite fiber where a small amount of PIAs infiltrating into the CNT fibers, 
leading to the less CNT contact. As shown in Table 6.2, the core electrical 
conductivity of CNTF-500/PIA is nearly the same as that of CNTF-500, 
whereas the core electrical conductivities of CNTF-630/PIA and CNTF-
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770/PIA reduce to 94% and 85% of the electrical conductivities of CNTF-630 
and CNTF-770, respectively. The possible reason can be the looser structure 
of the larger CNT fibers, leading to the increased infiltration of the PIA and 




6.6  Conclusions 
In this chapter, the CNT/PIA composite fibers are successfully 
synthesized by dip-coating the CNT fibers in the sol solution followed by the 
supercritical CO2 drying process. The formation mechanism and 
morphological effects on the electrical and mechanical properties of the 
CNT/PIA composite fibers are comprehensively quantified. These CNT/PIA 
composite fibers present a core-shell structure with light weight, low density 
and high surface area, and show significant enhancements in tensile strength, 
stiffness and electrical conductivity, compared with the pure PIA and other 
CNT/polyimide composites.  
Furthermore, the PIA, possessing density as low as 0.3 g cm
-3
 and thermal 
stability as high as 550 °C, is a promising candidate as superior insulators. 
Meanwhile, the PIA does not infiltrate in to the CNT fiber, due to highly 
compact CNT structure and the high viscosity of the sol solution during the 
dip-coating process. The CNT core in the CNT/PIA composite fiber thus 
keeps the excellent electrical properties of the CNT fibers. These novel 
CNT/PIA composites are potential to be used as lightweight and high-
temperature endurable electrical cables for aerospace applications. 
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CHAPTER 7:  Advanced Multi-Properties of Aligned 
Carbon Nanotube/Epoxy Thin Film Composites 
7.1  Introduction 
CNTs have been regarded as promising reinforcements for developing 
high-performance multifunctional composites 
[183, 279]
. However, due to the 
low CNT volume fraction, poor dispersion and random orientation of the 
CNTs in polymer matrices, most developed CNT-based composites can only 
receive limited enhancements and exhibit mechanical, electrical and thermal 
properties much lower than expected 
[280, 281]
. To overcome these challenges, 
various CNT preforms, such as buckypapers 
[260]
, CNT arrays 
[282-284]
 and CNT 
yarns 
[138]
, have been developed to pre-arrange the CNTs in a pre-forming 
structure before composite fabrication.  
One common approach is to extract CNT films from CNT suspensions via 
the solution-based method 
[54, 285]
, as introduced in details in Section 2.3.1. In 
these methods, the surfactants and sonication are commonly used to achieve a 
good dispersion of CNTs. The dispersed CNTs thus usually suffer from the 
inevitable damages or shortenings, and the CNT orientation is also 
uncontrollable. In order to fully exploit the axial properties of the individual 
CNTs, a number of studies focused on the developments of aligned CNT 
architectures and aligned CNT polymer composites. Many previous works 
have shown that the aligned CNTs facilitate higher CNT packing densities and 




So far, most aligned CNT preforms are fabricated from the CNT arrays 
[68, 
282-284]
. After applying these CNT preforms to fabricate the CNT/epoxy 
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composites, improvements of 716% and 160% were respectively received in 
their Young’s modulus and tensile strength compared with the pure epoxy [291]. 
Although these array-based methods provide a higher CNT content in the 
composites, a scaled-up fabrication is still restrained by the low production 
and the limited size of the CNT arrays 
[206]
. In contrast, the continuous and 
large-scaled CNT films, developed in Chapter 5, are successfully synthesized 
by the floating catalyst method 
[26, 42]
 which not only provides an effective way 
for mass production of the CTN films, but also favors the fabrication of 
unidirectional CNT-based composites. 
In this chapter, the CNT/epoxy composite films are successfully 
developed by a combination of layer-by-layer and resin transfer molding 
(RTM) methods 
[291]
 using the as-prepared CNT films. The RTM method is a 
very common and cost-effective method for composite fabrication in 
industries, in which the liquid resins are first injected to the preforms and then 
cured to be solid 
[291-293]
. In order to investigate the effects of CNT-ply 
numbers on the multi-properties of the composited, the CNT/epoxy composite 
films are prepared by uniaxially stacking 1, 5, 10 and 20 CNT plies following 
by the RTM process. Multi-properties of the CNT/epoxy composite films are 
quantified as a function of the numbers of the CNT plies.  
 
7.2  Morphologies of the CNT/epoxy composite films 
The as-prepared CNT/epoxy composite films containing 1, 5, 10 and 20 
CNT plies all have a lateral dimension of 4 cm × 3 cm (Figure 7.1a), while 
their thickness monotonically increase with the number of CNT plies, as 
shown in Table 7.1. Compared with the pure epoxy film of 70 ± 2 μm, the 
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CNT/epoxy composite films with 1, 5, 10 and 20 CNT plies possess greater 
thicknesses of 102 ± 9, 129 ± 7, 223 ± 19 and 268 ± 8 μm respectively. 
Evidently, the increments of the film thicknesses are shown to be inferior, 
compared with the simple multiplication of the thickness of the 1-ply 
CNT/epoxy composite film. For example, the thickness of the 20-ply 
CNT/epoxy composite film is only twice that of the 1-ply CNT/epoxy 
composite film. Therefore, the CNT plies involved in the CNT/epoxy 
composite films are speculated to be effectively condensed during the 
fabrication processes. Notably, as all the as-prepared CNT/epoxy composite 
films are very thin in thickness, a good flexibility is still observable, as shown 
in Figure 7.1b. 
 
Figure 7.1 (a) Optical image of the as-prepared CNT/epoxy composite film 
with 10 CNT plies, having a lateral dimension of 4 cm × 3 cm. (b) A flexible 
CNT/epoxy composite film in (a) bent by tweezers.  
 
The CNT weight fractions in the CNT/epoxy composite films, determined 
by the TGA curves 
[186, 294]
, are presented in Figure 7.2. From the results 
obtained at 600 °C, CNT weight fractions in the 1-, 5-, 10 and 20-ply 
CNT/epoxy composite films are determined to be 5.1, 15.0, 20.9 and 24.4 
wt. %, respectively, further indicating the condensation effects in the RTM 
process 
[51]
. The multi-properties of the CNT/epoxy composite films are 
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summarized in Table 7.1 which is discussed in details in the following 
sections. 
 
Figure 7.2 TGA curves of the as-prepared CNT film, pure epoxy and 
CNT/epoxy composite films with 1, 5, 10 and 20 CNT plies.  
 




CNT/epoxy composite films 
1-ply 5-ply 10-ply 20-ply 
Thickness (μm) 70 ± 2 102 ± 9 129 ± 7 223 ± 19 268 ± 8 
CNT mass 
fraction (wt. %) 
0 5.1 15.0 20.9 24.4 
CNT volume 
fraction* (vol. %) 
0 3.1 9.6 13.7 16.2 
Young’s modulus 
(GPa) 
1.1 ± 0.2 1.1 ± 0.3 2.9 ± 0.1 3.6 ± 0.4 5.3 ± 0.3 
Tensile strength 
(MPa) 
15 ± 2 16 ± 5 67 ± 7 89 ± 12 144 ± 9 
Tensile toughness 
(× 103 kJ m-3) 




~10-12 [291] 44 ± 6 162 ± 25 188 ± 19 253 ± 36 
Thermal 
conductivity 
(W m-1 K-1) 
~0.25 [295, 
296] 
2.9 ± 0.2 7.5 ± 0.8 9.6 ± 0.7 13.8 ± 0.9 
*











7.3  Mechanical properties of the CNT/epoxy composite films 
Figure 7.3 shows the typical stress-strain curves of the CNT/epoxy 
composite films with different CNT plies. As the increase of the CNT plies, 
CNT/epoxy composite films exhibit a dramatic enhancement in their modulus 
and strength. The 1-ply CNT/epoxy composite film containing 5.1 wt. % 
CNTs only possesses a 1.1 ± 0.3 GPa Young’s modulus and 16 ± 5 MPa 
strength, slightly higher than the pure epoxy film, while the 5-, 10- and 20-ply 
CNT/epoxy composite films show significantly higher Young’s moduli of 2.9 
± 0.1, 3.6 ± 0.4 and 5.3 ± 0.3 GPa, and higher strengths of 67 ± 7, 89 ± 12 and 
144 ± 9 MPa, respectively. Such great improvement are probably contributed 
by the increased the CNT weight fractions and denser CNT packing. During 
the RTM processes, the CNT plies are mechanically pressed and infiltrated by 
the epoxy under vacuum. Therefore, the porosity within the developed 
composites are greatly reduced and the improved CNT-CNT and CNT-epoxy 




Figure 7.3 Typical tensile stress-strain curves of the pure epoxy and 




As the volume densities of the CNT/epoxy composite films increase with 
the increased CNT weight fractions, the enhanced interactions between CNT-
epoxy and inter-CNTs largely benefit the load transfer under external tensile 
stresses. Besides, the utilization of a RTM process shows to be an effective 
way for eliminating air bubbles in the composites 
[291]
. The above results 
indicate that the RTM method in this thesis successfully achieves an effective 
load transfer between the CNT plies and epoxy. The gravimetric strength of 




, which is 










prepared by a similar RTM process yet using the array-drawn CNT films 
[291]
. 
Figure 7.3 and Table 7.1 show that the ductility (fracture strain) and 
tensile toughness (area under the stress-strain curves) of the CNT/epoxy 
composite films increase with the increased CNT plies. As the CNT plies 
increase from 1 to 20, the toughness and ductility of the CNT/epoxy 
composite films increase from (0.1 ± 0.01) × 10
3










), the toughness of the 1-ply CNT/epoxy composite film 
shows a slightly lower decrease due to the cross-linked network formed by 
epoxy molecules. However, the toughnesses of the CNT/epoxy composite 
films having 5-20 CNT plies are significantly larger than that of the pure 
epoxy, which can be observed in Figure 7.3. The high ductility and toughness 
of the multi-ply CNT/epoxy composite films may be the results of the 






Figure 7.4 compares the fracture surfaces of the 1-ply and 20-ply 
CNT/epoxy composite films, in which a 4-time longer pullout distance is 
clearly observed for the 20-ply film, consistent with the improved ductility. 
Due to the presence of the CNT bundles, a plastic shear yielding of the epoxy 
is also a possible reason for the plastic deformation 
[298]
. Considering the 
fabrication process of combining the layer-by-layer and RTM methods, the 
structure of the CNT/epoxy composite films developed in this thesis may be 
close to the laminated composite structure as reported by Mirjalili et al. 
[299]
. 
Above all, the developed CNT/epoxy composite films demonstrate good 
flexibility and high toughness, promising as protective materials or structural 




Figure 7.4 SEM images of the fracture surfaces of the (a) 1-ply and (b) 20-ply 
CNT/epoxy composite films after the tensile tests. 
 
7.4  Fracture mechanisms of the CNT/epoxy composite films 
As shown in Figure 7.3, the deformation behavior of the CNT/epoxy 
composite film includes different stages of elastic, plastic and damage-fracture 
[243]
. As tensile loading is applied from 0, the CNT/epoxy composite film first 
exhibits the elastic deformation governed by the elastic behavior of the 
individual CNTs and epoxy matrix. As the loading increases, the plastic 
deformation is then observed. This is mainly caused by the slippage among the 
CNTs and the plastic deformation of the epoxy-coated CNT bundles. With the 
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accumulation of slippage and the further increased external loading, the 
fracture of the composite film finally occurs.  
Figure 7.5 presents the Young’s modulus and tensile strength as a 
function of the CNT volume fraction (𝑓 , %). Theoretically, the effective 
mechanical properties of the CNT films could be calculated from a modified 
rule of mixtures (ROM) 
[281, 291]
: 
𝐸𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 = 𝜂0 ⋅ 𝜂𝐿 ⋅ 𝑓 ⋅ 𝐸𝐶𝑁𝑇 + (1 − 𝑓) ⋅ 𝐸𝑒𝑝𝑜𝑥𝑦,               (7.1) 
𝜎𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 = 𝜂0 ⋅ 𝜂𝐿 ⋅ 𝑓 ⋅ 𝜎𝐶𝑁𝑇 + (1 − 𝑓) ⋅ 𝜎𝑒𝑝𝑜𝑥𝑦,               (7.2) 
where 𝐸𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 , 𝐸𝑒𝑝𝑜𝑥𝑦  and 𝐸𝐶𝑁𝑇  and 𝜎𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 , 𝜎𝑒𝑝𝑜𝑥𝑦  and 𝜎𝐶𝑁𝑇  are 
Young’s modulus and strength of the composite, epoxy and individual CNTs, 
respectively. ηL and η0 are introduced as length efficient factor and CNT 
orientation factor respectively, both of which could be set to be 1 for aligned 




Figure 7.5 Strength and Young’s modulus of the CNT/epoxy composite films 
as a function of the CNT volume fraction. Note that the blue dash line and red 
dot dash line are the calculated results from ROM using Equation 7.1 and 7.2, 
where the strength and Young’s modulus of the CNTs are extracted to be 707 




The best fit Young’s modulus and strength of the individual CNTs in the 
developed CNT/epoxy composites are extracted to be 23 GPa and 707 MPa 
respectively. The obtained values are at least one order lower than the 
theoretical Young’s modulus and strength of individual CNTs with the 
Young’s modulus up to 200-950 GPa [13] and the tensile strength up to 10-150 
GPa 
[13, 14]
. The inferior mechanical properties of the composite films may 
probably be ascribed to the multiple fracture mechanisms as below. 
First, the perfect load transfer between the CNTs and the polymer 
matrices could never be achieved, and the CNT pullouts and the CNT fracture 
would constantly occur upon the external tensile loadings 
[301]
. As the epoxy 
molecules penetrate and cross-link through the entire CNT preforms, the 
epoxy coating is commonly formed on the surface of CNT bundles. Interfacial 
bonding, therefore either as the CNT fracture or CNT pullouts 
[302]
, can be 
generated between the matrix and epoxy-coated CNT bundles 
[303]
, rather than 
between the matrix and individual CNTs. In this case, an improvement of the 
interfacial adhesion between the CNT preforms and epoxy matrices, such as 
the functionalization of CNTs or using other polymer matrices, may be useful 
to increase the load transfer efficiency within the composites 
[304]
. 
Second, the CVD-grown CNT films usually possess high strains but low 
Young’s moduli and strengths due to their fair CNT alignment [206, 305]. 
Meanwhile, the waviness of the CNTs would also restrain the completely 
straightening of CNTs, thus limiting the stress transfer along the tensile 
direction 
[306]
. In addition, the quality of CNTs also plays an important role in 
the mechanical properties of the composites. The embedded metallic catalyst 
and the disordered CNT structures can easily cause the stress concentration, 
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7.5  Electrical properties of the CNT/epoxy composite films 
The electrical conductivities of the CNT/epoxy composite films are 
shown in Table 7.1. Epicote 1004 epoxy is intrinsically an insulator, having 






. When increasing the CNT 
plies from 1 to 20, the electrical conductivities of the CNT/epoxy composite 
films show a great improvement from 44 ± 6 to 253 ± 36 S cm
-1
. The highest 
conductivity of 253 ± 36 S cm
-1
 is obtained at 24.4 wt. % CNTs (20-ply 
CNTs), ~1.6 times higher than that of the CNT/PVA films at 20 wt. % CNTs 
prepared by a spray winding process 
[307]
, and much higher than those of the 
CNT/epoxy composites obtained by conventional dispersion methods (mostly 




. Such remarkably enhanced electrical 
conductivity with the increase of CNT plies can be attributed to the increased 





7.6  Thermal properties of the CNT/epoxy composite films 
As summarized in Table 7.1, the thermal conductivities of the CNT/epoxy 
composite films are measured with the steady-state Joule heating infrared 
metrology technique 
[71]
. Figure 7.6 shows the thermal conductivities of the 
CNT/epoxy composite films as a function of the CNT volume fraction. When 
the CNT volume fraction increases from 3.1% to 16.2%, the thermal 
conductivity of the CNT/epoxy composite films increases from 2.9 ± 0.2 to 
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, up to 55 times greater than the thermal conductivity of 
the pure epoxy (~0.25 W m
-1
 K
-1 [295, 296]). Due to the good CNT alignment and 
effective CNT-epoxy contact 
[310]
, the obtained values are significantly greater 
than the thermal conductivities of the CNT/polymer nanocomposites with the 




Figure 7.6 Thermal conductivity of the CNT/epoxy composite films as a 
function of the CNT volume fraction. To extract the thermal conductivity of 
the CNTs and the TBR between the CNT and epoxy, the experimental results 
are fitted with a modified effective medium theory. The red dash line 













A modified effective medium theory (EMT) model proposed by Nan et al. 
[314]














,                                 (7.5) 
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where 𝐷 =15 nm [58] and 𝐿 =1 mm [26] are the diameter and length of the 
individual CNTs in the CNT/epoxy composite film, respectively, and 𝑅𝑏 is the 
CNT-epoxy boundary resistance.  
The thermal conductivity of the individual CNT and the CNT-epoxy 





















for the MWNT with a diameter of 11.4 nm 
[221]
. The estimated CNT-






 is consistent with the study of 
Marconnet et al. 
[7]
 on the aligned CNT-epoxy nanocomposites with high 









 reported in literature 
[315, 316]
. This disparity between our estimate 
and the previous reported values can also be attributed to the neglecting of the 
direct CNT-CNT conduction in this model, resulting in the underprediction of 




7.7  Conclusions 
In this chapter, a combination of layer-by-layer and RTM methods are 
used to develop CNT/epoxy composite films containing multi-CNT plies. The 
CNT volume fractions in the composite films can be controlled by altering the 
number of the CNT plies. A high CNT fraction of 24.4 wt. % (16.2 vol. %) is 
successfully achieved by 20-ply CNT/epoxy composite films, which 
overcomes the agglomeration problem of CNTs in the polymer matrices. 
Compared with pure epoxy films, the CNT/epoxy composite films exhibit 
good mechanical properties, up to ~10 and ~5 times enhancements in the 
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strength and Young’s modulus, respectively. Besides, a significant 
improvement in the electrical and thermal conductivities is also achieved.  
This work provides a facile approach to fabricate the CNT/epoxy 
composite films on a large scale, and also paves the way to effectively 
increase CNT fractions in the composites. The CNT/epoxy composite films 
obtained in this work can be promising candidates as protective materials due 
to their high toughness, or thermal interface materials due to their superior 
thermal conductivity.  
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CHAPTER 8:  Conclusions and Recommendations 
8.1  Conclusions 
The production of continuous CNT fibers and films has paved the way to 
leverage the superior mechanical, electrical and thermal properties of 
individual CNTs for novel macroscale applications such as electronic cables 
and advanced multifunctional composites 
[24, 57]
. In this thesis, the continuous, 
aligned CNT fibers and thin films were successfully fabricated by the floating 
catalyst method. The following conclusions can be drawn in this thesis. 
Firstly, the advanced, robust, steady-state Joule heating infrared 
metrology technique was developed to probe the mechanisms of heat transfer 
in the CNT fibers and films. This technique leverages infrared microscopy as a 
non-contact, non-destructive and fast thermal characterization tool. Further, 
the steady-state technique developed in this thesis enables a direct 
measurement of thermal conductivity (independent of density and specific 
heat) while simultaneously measuring the convective heat transfer coefficient. 
The technique is applicable to a broad class of electrically conductive 
specimens ranging from the metallic wires to the CNT fibers and thin films.  
The effects of the collecting time, diameter, and CNT volume fraction on 
the thermal conductivity and convective coefficient of the CNT fibers and thin 
films were comprehensively investigated for the first time. Moreover, the 
effective acid treatment approach was developed to enhance the thermal 
conductivities of the CNT fibers and thin films. The acid-treated specimens 
demonstrated improvement in the thermal conductivities up to a factor of ~3 
for the fiber and ~6.7 for the thin film compared to the as-prepared specimens. 
This can be attributed to the purification and densification effects of the acid 
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treatment, leading to the less defective CNT structure and the reduced inter-
CNT contact resistance. The acid-treated CNT film had the thermal 











, even higher than the typical values of conventional metals 
and comparable with the highly conductive CNT assemblies 
[32, 45, 66, 69, 70, 137, 
152, 173, 208, 255]
. Further, the measured convective heat transfer coefficients, 




, demonstrated the impact of the nanoscale 
CNT features on the convective heat losses from the CNT fibers. The 
measured thermal performance provides the promise for using these CNT 
fibers and films in the macroscale applications requiring the effective heat 
dissipation. 
Next, the effects of various synthesis conditions on the morphology, 
mechanical properties and electrical conductivities of the CNT fibers and films 
were systematically investigated. The volume fraction of CNTs showed a 
great influence on the multi-properties of the CNT fibers and films. The higher 
CNT volume, causing the more compacted CNT structure, resulted in the 
higher strength, Young’s modulus, and electrical conductivity of the CNT 
fibers and films. Moreover, the different effects of two post treatment methods 
(mechanical condensation and acid treatment) on the multi-property 
enhancement of the CNT films were studied comprehensively. The 
mechanical condensation could reduce the intertube space and the waviness of 
the CNTs, greatly enhancing the intertube interactions. The purification and 
densification effects of the acid treatment resulted in the more compacted and 
less defective CNT structure. The highly dense aligned CNT films are 
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promising as engineering materials for various applications such as advanced 
multifunctional composites 
[5, 21, 64, 255]
. 
Owing to their outstanding multi-properties, the CNT fibers and thin films 
demonstrate great potentials for the CNT-based nanocomposites. Novel 
CNT/polyimide aerogel (PIA) composite fibers were fabricated. The 
formation mechanisms and the morphological effects on the mechanical and 
electrical properties of the CNT/PIA composite fibers were comprehensively 
quantified. The composite fibers had a core-shell structure with light weight, 
low density and high surface area, and showed significant enhancements on 
their tensile strength, stiffness and electrical conductivity, compared with the 
pure PIA and CNT/polyimide composites 
[20, 210, 264, 273, 276, 278]
. It would be 
interesting to use these composite fibers as the next generation electrical 
wiring in the future. 
Finally, a novel method combining the layer-by-layer and resin transfer 
molding methods was developed to fabricate CNT/epoxy composite films. A 
high CNT fraction of 24.4 wt. % (16.2 vol. %) was successfully achieved in 
the 20-ply CNT/epoxy composite films. Compared with the pure epoxy films, 
the CNT/epoxy composite films exhibited great multi-properties, up to 10 and 
5 times enhancements of the tensile strength and Young’s modulus, up to 55 
times enhancement of the thermal conductivity and 14 orders of magnitude 
improvement of the electrical conductivity, respectively. The multiple fracture 
mechanisms, including the load transfer between the CNTs and the matrices 
and the alignment and waviness of the CNTs, were analyzed to explain the 
mechanical performance of the CNT/epoxy composite films. The novel and 
facile method in this thesis overcomes the dispersion challenge of CNTs in the 
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polymer matrices. The experimental results may be also helpful to better 
understand the load, electron and phonon transfers in the CNT laminated 
composites. The obtained CNT/epoxy composite films, with good flexibility, 
high toughness and superior multi-properties, are promising for various 
applications, such as structural materials that are sensitive to catastrophic 
failure or thermal interface materials. 
 
8.2  Recommendations 
However, the thermal conductivities of the CNT fibers, films and 
composites in this thesis are measured near room temperature. For many 
applications 
[22, 178]
, it is of great importance to study the thermal conductivity 
of the CNT-based fibers and films across a range of temperatures. The steady-
state Joule heating infrared metrology technique developed in this thesis can 
be extended to enable temperature-dependent measurements through control 
of the base temperature of the specimens and the environment. 
Second，the CNT-CNT contact conductance in this work was estimated 
to be on the order of 13-130 pW K
-1
, extracted by fitting the model of 
Chalopin et al.
[219]
 to the experimental results. However, this model was 
developed for randomly oriented CNT films instead of aligned CNT structures, 
and neglected the finite thermal conductivity of the individual CNTs. Thus, 
the estimated value was considered as an upper bound to the thermal boundary 
resistance between the CNTs. Mesoscopic models, considering the 
orientations, dimensions and intrinsic properties of the CNTs, as well as the 
thermal boundary resistance between the CNTs, are required in the future for 
better understanding the heat conduction in the CNT macroscale assemblies.  
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Finally, the CNT/PIA composite fibers should be developed into the 
electrical cables used in the practical devices such as the electrical 
transformers. And more electrical properties such as the temperature-
dependent resistivity, maximum current density and high frequency signals of 
the CNT fibers should be characterized. For the CNT/epoxy composite films, 
higher CNT volume fraction and pre-treatments of the CNT films by pre-
stretching and hot-pressing may be required to further enhance the multi-
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